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ALD oo DIA Gee 


Two mechanisms, Scheme A and Scheme B, have been 


proposed for the thermolysis of azoalkanes. 


Scheme A (Concerted cleavage of both carbon-nitrogen bonds) 


Reese Ree RE N, pee 


Scheme B (Two step process) 


R-N=N-R! ———— > R: + -N-=N-R'! eo N + -R! 


The unsymmetrical azo compounds , methylazo-3-propene 
(36), 1-propylazo-3'-propene (46) and tert-butylazo-3-propene (47) 
were studied to decide between the two schemes. 

The thermolysis of methylazo-3-propene (36) exhibited 
the characteristics of a radical chain induced decomposition. Nitric 
oxide was found to suppress the radical chains and to eliminate 
methane formation andwto decrease the rate of thermolysis.  Uhe 
rate increased slightly with the increasing pressure of nitric oxide, 
but experiments with Sa) indicated that ca. 5% of the nitrogen 
produced came from the nitric oxide. The rate constant was found 
to be unchanged after correcting for the nitric oxide. 

Rate studies of the thermolysis of methylazo-3-propene 
(36) and 1-propylazo-3'-propene (46) were carried out in the optimum 
nitric oxide to the azo compound ratio of 0.15 to 0.20 where the 
total nitrogen formed can be used directly to calculate the rates 


with very little loss of precision. The activation energy and 
] _:14.36 


frequency factors were found to be 35.5 kcal mole ',10 sec~lfor 36 
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ec! for 46. 

Criteria were proposed to make a choice between 
Scheme A and Scheme B from the known data for the symmetrical 
azo compounds and taking steric factors into consideration. 

The ratio of the rate constant for 46 LOrtiat tor > ,3-azo- 
l1-propene (52) is only 2.96, close to the statistical factor of 2, we 
may conclude that both compounds are proceeding via the same 
sequential mechanism. Because of the rather good Polanyi plot 
observed by Al-Sader and Crawford (6) it also implies that all gas- 
phase azo compounds thermolyze via the two step sequential mechanism 
(Scheme B). 

Comparing the activation energies found for methylazo- 
3-propene (36), 1-propylazo-3'-propene (46) and 3 ,3'-azo-1-propene 
(52) with that of azoethane the decrease in activation energy, 12.4 - 
$3.0 kcal =a , is attributed to a contribution from the allylic 


resonance energy which is comparable to the values generally 


accepted. 
The secondary deuterium kinetic isotope effect was 
determined for methylazo-3-propene-3 ee The value obtained, 


fer ireelea (et. erat | 20.00 ( OG es 95 2108 eal mole~'), is 
consistent with the one bond cleavage mechanism where the transition 


of the fragmentation occurs late of the reaction coordinate. 
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iNeGR OD UC RION 


Azoalkanes have been used for many years as a 
convenient source of alkyl radicals, ara for almost as many years 
chemists have pondered the details of the initial reaction (1). Two 
schemes have outlasted all others, and the choice between these 
has been made by many but proven by few. A review, presenting 
a strong case for the simultaneous cleavage of both carbon-nitrogen 
bonds in the rate determining step (Scheme A), has recently 


appeared (2). 


|| ia REN N Scheme A 
SR! Rie 
Almost simultaneously the alternative two-step process 
(Scheme B) has been supported in the literature (3) by an analysis 
of the existing kinetic and thermodynamic data. Even more 
Rv 
N 
|| = Reta i fast N + -R' Scheme B 
ee NR! 
recently there has appeared a communication (4) wherein the authors 
aeons to have trapped the hitherto elusive intermediate R'-N=N-. 
In the first chapter of this thesis we hope to examine critically the 
more cogent arguments for both mechanisms, and to briefly review 
the mechanistic relevance of some of the techniques used. While 


criticism tends to be negative and eroding we attempt in later 


chapters to construct systems and evidence to support a choice 


between Schemes A and B. 
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Azomethane, the simplest of the azoalkanes, is a 
relatively stable material which decomposes at elevated tempera- 
tures (ca 300°) to produce nitrogen and a variety of hydrocarbons 
(5). When 4-substituents , capable of stabilizing the resulting 
radicals, are introduced the homolytic cleavage occurs more 
rapidly. This is quantitatively exemplified by a good Polanyi plot 
for the thermolysis of azoalkanes (6). The activation energy, from 
the thermolysis of symmetrical azoalkanes, R-N=N-R, correlates 
with the bond dissociation energy, D (R-H), of the corresponding 
alkane, R-H. 

E, = 0.996 D(R-H) - 48.4 kcal mole”! 

Although the near unity value of the slope in the afore- 
mentioned Polanyi plot makes the interpretation of a single bond 
cleavage reaction, Scheme B, attractive it proves nothing since 
slopes varying from 0.49 to 1.1 have been observed for various 
hydrogen atom abstraction processes (7). 

The earliest kinetic work addressed directly to deciding 


between Scheme A and Scheme B is that of H. C. Ramsperger (8) 


who in 1929 compared the activation parameters for 1 


~? 


2 and 3, and 


Seve (Cis DEN cHsaN 
N-CH, N-CH(CH,), N-CH(CH3), 
iy Zz 3 


as seen from data in Table 1 was led to conclude that: ''The heat 


of activation of the new compound (3) is intermediate between that 
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for dimethyl diimide (1) and di-isopropyl diimide (2) 

If the reaction occurs by the simultaneous rupture of both bonds, 
then we may expect an intermediate heat of activation, and this is 
frerexperinverntal result =the valve 47.7 "kcal mole7! ry tei, 
being slightly larger than the arithmetic mean of the then accepted 
values*of 51%2 and 4079 kcal mole”! TOrelvanctc.. 

Azomethane proved to be an attractive molecule to 
gas-phase kineticists and further studies upon it were undertaken 
(9). The advent of gas chromatography made available detailed 
product studies and with these the realization that the earlier studies 
on | had a contribution from a chain induced decomposition (10). 
Propylene has been used as an inhibitor of the chain induced 
decomposition. The initially produced methyl radicals abstract an 
allylic hydrogen and the much less reactive allyl radicals dimerize 

maa aCe Oli s* + N> 
CH en SHS Cr Se CH “CH, -CH=CH, 
Z CH, =CH-CHp’ oo CH, =CH-CH, CH, -CH=CH, 


CH + CH,=CH-CH; -= = CH Ci -CH-CH, 


3 2 3? 


tosforim: 17,55 shexadiene or react with methyl radicals to give 
1-butene (10a). 

Forst has recently completed a study of the uninhibited 
azomethane decomposition (5) and suggests that the chain propagating 


reactions are: 


CH,° Fi CH,-N-=N-CH,——> CH, + ‘CH, -N=-N-CH, 


-CH, -N=N- > ; : 
CH,-N-N-CH, —— Ge aN Be Cr. 
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The formation of methylene is a major factor compli- 
cating the product mixture. Saturated and unsaturated hydro- 
carbons having 1, 2 and 3 carbons are produced along with hydrazines 
and higher molecular weight azo compounds. Forst and Rice (11) 
have used nitric oxide gas as an inhibitor of the azomethane chain. 
The nitric oxide gas traps the initially produced methyl radicals, 

CH. cc Og piace ama e514NO 
and while this has the advantage that the failure to produce methane 
will indicate the efficiency of the scavenger, disadvantages arise 
from complications of the nitrosomethane (see subsequent discussion 
on the use of nitric oxide). Inhibitor addition has shown that the 
earlier rate studies were in error, e.g. in Table I we see that the 
rate constant for uninhibited azomethane decomposition is three 
times larger, at 275: 9oa, than the rate constant measured in the 
presence of nitric oxide. The earlier reaction parameters tended 
to be too low for E, andlog A. A good value for azomethane seems 
difficult to select since Chang and Rice have studied azomethane-d¢ 
(12) and have repeated some of the experiments of Forst and Rice 
(11} but prefer.an activation energy of 50 kcal moles! . It would 
appear that most azoalkane studies suffer from chain induced 
decomposition reactions and that only a few e.g. 2 ,2'-azoisobutane 
(no &-hydrogens) (17) and azoethane (13, 14) because it was obtained 
to low conversion are likely to be reliable for further interpretation. 
Systems such as azoisopropane, which Ramsperger (16) studied 


havea-hydrogens that are tertiary in nature and would be expected 
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to be very sensitive to chain induced decomposition, and thus it seems 
probable that Ramsperger's arguments for a simultaneous rupture 

of both carbon-nitrogen bonds in azoalkane were made using faulty 
data. 

Substitution upon the «&-carbon stabilizes the radicals 
produced and brings about a decrease in activation energy. The 
phenyl group is particularly significant in this regard for if we 
compare azotoluene (Ee. = 35.0 kcal mole~}) (18) with azoethane 
(E, = 48 kcal mole-!) we see that the activation energy decreases 
13 kcal mole=!. If Scheme A is the true mechanism we have a 
decrease in activation energy ( §E.) of 6.5 kcal mole7! per phenyl. 
IfScheme Bis the true representation then ¢ Eis 13 kcal mole~! 
per phenyl since only one phenyl group is intimately involved. 
Temperature, vapor pressure and the practical limits upon the 
ease of measurement of rates have forced the majority of large 
azoalkane thermolysis rates to be measured in solution. For an 
unimolecular reaction the rate constants should be about the same 
in the gas and solution (25). 

Overberger and DiGiulio (20) have argued on the basisof the 
comparison of entries 14, 15 and 11 in Table I that the replacement 
of a methyl by a phenyl resulted in a 4 kcal mblesunieacescent ey 
and that subsequent replacement of a pair of methyls by a pair of 
phenyls (compare 11 and 15) produced 8 kcal mole! decrease, an 
additivity effect, and hence Scheme A. The authors did not discuss 


1 


their value of 4 kcal mole relative to that observed above of 
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6.5 kcal mole ~ for the same substitution. Cohen and Wang 


(23, 24) have compared the thermolysis rates for entries 1, 11, 15 


and 19. If we compare 11 with 19 we have replaced four methyls with 
four phenyls and we observe a decrease in E of 14.3 kcal mole for 
an = * Valuesotes cbekcal aie per substitution... Since some of 
the reference values e.g. for azoisopropane are suspect it is 

difficult to attach real significance to these values. If we use 
Al-Sader's equation (6) (see page 2) we can estimate the D4 for 
azoisopropane from the bond dissociation energy. This would give 

a value of 45.7 kcal mole! » Benson (26) has estimated the same 
value 47.5 kcal mole! . Using either of these values would destroy 


any of the additivities previously observed. 
One of the better cases for Scheme A has been put forward 
by Seltzer and Dunne (19, 70) who reported the series: 


Ph Ph CH eh hh 


3 
X SS 
H—C-N=N-CH, H—C-N=N-C—H H—C-N=N-G—H 


Va 


oor CH, CH, CH, CH3 
4 5 & 
log A 14.0 15.36 14.88 
E. (kcal mole” }) 38.6 36.5 32.6 


Here we see that the rate constant for the carbon-nitrogen bond 
cleavage is dependent upon both groups attached to the azo link and 
not just that group which we expect to give the most stable radical 
implied by Scheme B. MHaving observed the interdependence of 


two alkyl groups Seltzer and Dunne attempted to define the nature 
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of the interdependency by carrying out deuterium kinetic isotope 
effect studies. These studies support their conclusion that 6 is 
cleaved by Scheme A and 4, by Scheme B (see later section secondary 
deuterium kinetic isotope effects). 

Cohen and coworkers (23, 27) determined the rates of 
thermolysis of a series of m- and p-substituted phenylazotriphenyl- 


methanes. 


p-H, CH3, NO,, HO, CH,O, 
N=N-C(C,Hs), Pi 
CH,CONH 


ands X= m-CH3, Br and NO 


> 


x 
2 


All substituents listed, except methyl, caused thermo- 
lysis to occur more slowly than the parent compound. They con- 
cluded that Scheme A was applicable and discussed the substituent 
effects in terms of the resonance stabilization of the reactants and 
destabilization of the phenyl radicals by electron withdrawal. 
David, Hay and Williams (22) discussed the same series in terms 
of Scheme B and concluded that the formation of the phenylazo and 
triphenylmethyl radical was rate determining and discussed the 
substituent effects in terms of resonance and solvation phenomena, 
Recently Pryor and Smith (29) provided evidence that p-nitrophenyl- 
azotriphenylmethane decomposes by the scission of one carbon- 
nitrogen bond at atime. This they achieved by studying the rate- 
viscosity relationship of homolytic process and concluded that the 


unsymmetrical azo compound displayed "internal radical return". | 
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Riichardt and Oberlinger (30) studied the thermolysis of 
bridgehead linked bicyclo- and tricycloalkylazo compounds. As is 
shown in Table II the ring system has less influence on the thermo- 
lysis of tricycloalkylazo-tert-butanes 14 to 16 than the corresponding 
symmetrical azo compounds 8 to 12 in agreement with simultaneous 
but non-uniform cleavage of both C-N bonds in the course of thermo- 
lysis. The cleavage of the N-tert-butyl bond is certainly much 
advanced than that of the other C-N bond in the transition state. 
Further studies of series of unsymmetrical bridgeheads azoalkanes 
(Table III) have indicated that the homolytic azo-fragmentation is 
becoming less and less symmetrical when the two attached groups 
have different C-N bond energies (31). Itis of particular interest 
to note that the free energy of activation, AG + ; for the mixed azo 
compound R-N=N-R' is close to the arithmetic mean of R-N=N-R 
and R'-N=N-R' (Table IV). Ideally one should compare OH# values 


but the rates have been reported at only one temperature. 


Steric Effects Upon Azoalkane Thermolysis 

Steric factors play an important role in the thermolysis 
of hindered and cyclic azo compounds. .The steric effects on the 
thermolysis rate were first demonstrated by Overberger and co- 
workers (32, 33, 35) utilizing a series of azonitriles with the 
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Table II. 


Rate constants for the thermolysis of bicycloalkyl and 


tricycloalkyl azo compounds at 300° in benzene (30). 


R-N=N-R * R-N=N-C(CH3) 
* 3 
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While all of the acyclic azo compounds are considered to have the 
trans configuration there is no evidence for, or against, the 


involvement of cis azo compound in the thermolysis reaction. 
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Table III. Rate constants of thermolysis of unsymmetrical 


bridgehead azoalkanes R-N=N-R' in benzene at 300° °104 (sec7!) (31). 


(CH,)3C- 15715 687 321 73 


IG 623 0.28 
: 0.80 0.128 


0.031 
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Table IV. Values of AGF for the thermolysis of bridgehead 


ae 


azoalkanes compared with predicted values (kcal mole™ 





(orl ),C- SSeiT a7 38.1 39.9 


(38.2) (39.4) (41.2) 


aZ./ ---- 46.2 


| (45.7) 
fa 45.0 47.1 
(46.9) 


48.7 


The values in brackets are those obtained as an average from the 


two symmetrical azoalkanes (see text). 
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where R and R' are alkyl substituents. When R and R' were 
methyl, ethyl, isopropyl or tert-butyl similar rates were observed, 
indicating there was probably no change in the transition state. 
However, when branching was introduced on carbon x - to the azo 
linkage (R and/or R' are isobutyl or neopentyl), a striking rate 
enhancement was observed (Table V). This effect was attributed to 
frontal or 'F"' strain, since models show considerable interaction 
between the two halves of the molecules in the more stable trans 
configuration. 

In the series 

H gs 


| 
C,H, -C-N-N-C-CgH 


5 l 5 
R R 

where R = methyl, ethyl and isobutyl, the size of R groups had only 
a small but noticeable effect on the rate of decomposition (34) 
(Table VI). Some further examples of steric factors are exemplified 
in Table Vil. While the’difference between entry 1 and 2 may be 
rationalized on an electromeric basis a difference of the same 
magnitude exists between 2 and 4 and this would be difficult to 
attribute to electromeric effects (20). Further examples of steric 
factors contributing to thermolysis rates are exemplified in Figures 
1 and 2 (36, 2), and are compared graphically with processes known 
to be effected by steric parameters. 

Steric effects on the thermolysis rate recently have been 


demonstrated in the azonorbornane system. Hinz and Ruchardt (37) 
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Table VI. Thermolysis rate constants of 1-azo-bis-1-phenylalkanes 


C,H, CHR -N=N-CHRC;H, in ethylbenzene at 100.4° (34). 











R 10°k (sec™*) 
CH, 5.45 
CoH, 235 
iso-C,H 7.6 
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Pagure: 1, 


Dependence of the rate of formation of cyclic carbonium 


ions and radicals on the ring size. 


(Ze8s0). 


NR: number of ring members 
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Table VII. Rate constants for the thermolysis of «-alkyl- and 
dialkylazoalkanes , C gH -RR'C-N=N-CRR'C;H, in diphenyl ether 


at 120° (20). 


+ = 
R R! 10 k (sec 1 Relate 
1 CH, - H 0232 ORTZ5 
2 CH, - CH, - 1,06 1.00 
3 CoH, - C,H, - Oais On 73 
= = ~ 8.51 8203 
4 CH. (CH,),CH CH, 
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synthesized and thermolyzed exo- and endo-2 ,2'-dimethyl-2-azo- 
norbornane. They found that 17 thermolyzed 68 times as rapidly 
as 18. They suggested that difference in the rates comes from 
the torsional strain required to allow the methyl group in 18 to 
swing into the planar arrangement for the thermolysis transition 


state. 


N =——N 
H 
CH, CH, 
ez 
igi NN H 


18 

A subtle form of steric effects that hag been observed on 
these occasions is the difference in the rate of stereoisomers. 
Table VIII lists the rate comparisons observed for meso and rac- 
azoalkanes. 

Severn and Kosower have studied the ultraviolet spectra 
of several azo compounds, Table IX, and have attributed the different 
values of the n - 7 * transition to steric hindrance in the ground 


state (40). 
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Table VIII. Comparison of rate constants for meso- and rac- 


azoalkanes, R-N=N-R. 





R ‘h Ratio of rates Reference 
Cot 
C,H_CH.—C-— 106 lez 38 
65 
H 
ie 
ae) 80.2 1.16 35 
CN 
H 
Viana 125 ie 39 
CH, 
CN 
| 
(CH,),G-C— 79.9 19,42 33 
3D | 
CH 
3 
ie 
)-<— 44.2 ie 33 
CH, 
CN 
69.9 1.46 33 
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Table IX. Longest wavelength absorption bands for trans- 


azoalkanes R-N=N-R (40). 


(CH,) ,CH- 
(CH,),C- 


pee ato) 


a 
C,H, , C(CH,)(C,H,) 
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i" Cyclohexyl. 


2 l-adamantyl. 


Solvent 


gas 


water 


gas 


water 


gas 


isooctane 


isooctane 


isooctane 


isooctane 
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Polar Effects 


It is well known that polar factors play an important 
role in the decomposition of peroxides (41 - 44). However, little 
is known about polar effects on the decomposition of azo compounds. 

In the decomposition of 1-azo-bis-1-phenylethane (34) 

CH, We 
p-X-C;H,-CH-N=N-CH-C/H,-X-p 
the substituents methyl and methoxy led to small (ca. 8 and 30%) 
increases in rate, indicating that the radicals are stabilized by 
electron donation which tends toward completion of an octet. The 
substituents chlorine and nitro led to a small decrease (ca. 24 and 
14%) in the rates of thermolysis of azo compounds of structure 
CH 


3 


p-X-C,H,-CH,-C-N=N-CH,-C 


er reg 


eee 
CN 
in agreement with the known poor transmission of electronic effects 
by methylene groups (45). 
In the decomposition of phenylazo-triphenylmethanes (23) 
p-X-C¢H,-N-N-C(C/H,), 
both electron-donating and electron-attracting substituents led to 
decreases in the rates of thermolysis. It was pointed out that both 
types of substituents could increase the resonance stabilization of 
the ground state by increasing the conjugation to the phenyl and azo 
groups and strengthening the phenyl-nitrogen bond. However in 


view of Pryor and Smith's (29) conclusion that p-nitrophenylazotri- 


phenylmethane and phenylazotriphenylmethane proved Scheme B, 
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and that there is a reasonable amount of reversibility associated 
with the first step we can only conclude that we are not dealing with 
substituent effects on a one step process, but substituent effects 
upon dissociation to a radical pair and upon the homolysis of the 
arylidazine radical Ar-N=N-°. 

While there is no well defined information pertaining to 
polar, or resonance, effects in azo thermolysis reaction we cannot 
out of hand dismiss it. Just as Bartlett and Rlichardt (41) were 
able to ascribe the Hammett p-value of -1.09 in tert-butyl phenyl- 
peracetate decomposition to polar contribution to the transition 


state such as 19a =>19b then the equivalent type of resonance 


+ — 
€ Scrip -ca20--06(CH); —— € \-ttt,--c0--06(H); 
Oo * O 


ee Bae 
+ 
EN = a eee & 
\y ee R! Nepidary 
20a 20b 


contribution , 20a=—=20b may be of importance in considering the 
possibility of the two bond synchronous mechanism (Scheme A) of 
azoalkane homolysis, particularly when the azoalkanes are 


unsymmetrical. 


The Inhibition Radical Reaction with Nitric Oxide 
A major turn in azoalkane chemistry occurred when 


Forst and Rice (11) demonstrated that the presence of nitric oxide in 
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the thermolysis of azomethane suppressed methane formation and 
lead to a decreased rate of formation of nitrogen. The vast 


majority of gas phase inhibitors act as hydrogen donors e.g. 





Re + In-H > R-H + In 
and the same alkane is produced that one expects as a product from 
pheen induced decomposition. By using nitric oxide one can claim 
to have suppressed the usual chain induced decomposition when 
alkanes, R-H, are no longer produced. 

Nitric oxide has been used as an inhibitor of gaseous 
free-radical chain reactions such as the decomposition of alkanes 
(46), ethers (47), peroxides (48) and azoalkanes (11, 12, 17). The 
general effect. of the pediien of inhibitors on reaction rate is shown 
in Figure 3. A method of describing the figure is to refer to region 
(a) as the region of inhibition, (b) the maximally inhibited region, 
and (c) as the region of induced reaction. It pirenilll be noted that 
region (b) may be very small (as in curve II, in Figure 3). The 
basic assumptions made for inhibited decompositions are (i) the 
inhibitors reduce the rate to a limit which corresponds to a mole- 
cular, non-chain, decomposition of the substrate; (ii) asa 
corollary to (i), different inhibitors reduce the rate to the same 
minimum limiting rate, although different amounts of inhibitor may 
be necessary; at any chosen temperature this will be independent 
of surface condition, surface:volume ratio and reactant pressure; 
(iii) there is consumption of the inhibitor in the maximally inhibited 


region, such consumption being small, and the products arising 
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Figure 3. Characteristic inhibition curves (53). 
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therefrom having no effect upon the reaction rate or an effect that 
can be readily measured. The Table X summarizes the evidence 
for the frequent assumption that the maximally inhibited rate is the 
same for propene as for nitric oxide. See also Figure 4. However 
in the case of the thermolysis of azomethane (11) ethene and propene 
were found unsuitable, and the addition of nitric oxide reduced the 
rate to a minimum which was lower than that with added propene or 
ethene. Further addition of nitric oxide increases the rate, giving 
a curve similar to curve II in Figure 3. 

It has been generally accepted that the primary reaction 
in the nitric oxide inhibition is removal of free radicals, R- , by 
reaction: 1 to form a nitrosoalkane (53, 54). 

ie + ‘NO (RNO [1] 
The subsequent Peotone: of nitrosoalkanes are complex and are not 
fully understood. Generally, there are four possible reactions for 
initially formed products, 1) dimerization leading to the formation 
of the stable solid alkyl nitroso dimers (reaction 2), 2) isomer- 


ization to the corresponding oxime (reaction 3), 3) further reaction 


with nitric oxide (reaction 4), 4) further reaction with radicals 
(reaction 5). ‘on 
| oe 
2RNO —————_> oa ae [2] 
Os 
RNOQ} > + R-N-OH [3] 


BRNO eNO =P (NO}ING) 


: [4 


BNO seh ee OR [5] 





on 


Table X. Limiting rates for different inhibitors in some thermolysis 


processes (53). 
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Reaction 2: Dimerization 

Calvert, Thomas and Hanst (55) determined the rate of 
formation and decay of nitrosomethane, formed in the photolysis of 
azomethane-nitric oxide mixture at 25° by infrared absorption 
spectroscopy. The rate-determining step in the decay of nitroso- 
methane monomer in the dark was found to be a homogeneous gas 
phase reaction which was second order in nitrosomethane. The 
only measurable final product of methyl radical-nitric oxide reaction 
at 25° was the dimer of nitrosomethane, 

Gowenlock and Key (56) argued that the dimerization 
would be of little importance at higher temperature because reactions 
of this type have a low activation energy (6 kcal mole!) and a large 
negative entropy of activation. Christie (57) found that the eon 
methane formed io an irradiated mixture of methyl iodide and nitric 
oxide disappeared in absence of excess nitric oxide at room temper - 
ature... Sheisuggested that this second order reaction (k, =o ers 

1 ml sec™') was most likely a heterogeneous dimerization to 


mole™ 


either the cis or trans dimer. 





Chilton and Gowenlock (58) studied the reaction products 
of the pyrolysis of diisopropylmercury in a flow system with nitrogen 
and nitric oxide as carrier gases in the temperature range P32 0ere ae 
Absorption spectra and chemical tests showed that the dimer of 
2-nitrosopropane was formed along with acetone oxime. They 
found that the monomer-dimer transition took place in the region 


Oo 
85-95 ° 
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Gowenlock and Trotman (59) prepared dimeric nitroso- 
methane by photolysis or pyrolysis in a flow system at 330-390°. 
They found monomeric nitrosomethane was converted to the dimer 
at room temperature in the dark and that dimer to monomer con- 
version took place at 350°, 

Reaction 3: Isomerization to oximes 

The isomerization to the oxime was confirmed by the 
work of Gowenlock and coworkers. Giiton and Gowenlock (58) 
found acetone oxime in the reaction products of pyrolysis of diiso- 
propylmercury in a flow system with nitrogen and nitric oxide as 
carrier gases, 

Gowenlock and Trotman (59) found that monomeric 
nitrosomethane could undergo isomerization to formaldoxime in 
various solvents at room temperature. However little formald- 
oxime was obtained in the pyrolysis of tert-butyl nitrite or trans 
dimeric nitrosomethane. 

Batt and Gowenlock (60) found that the isomerization of 
nitrosomethane to formaldoxime has an activation energy of 40 kcal 
pivie* for the homogeneous gas-phase process, but proceeds 
rapidly in the presence of an active surface with an activation 
energy of 10 - 14 kcal wioléka 

Pratt and Purnell (61) studied the reactions of ethyl 
radicals generated by the photolysis of tetraethyllead with nitric 
oxide in the temperature range 233-267°. The most important 


reaction was the formation of acetaldoxime which decomposes 
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heterogeneously to acetonitrile, 
Reaction 4: Further reaction with nitric oxide 

Reaction 4 was first shown by Bomberger (62) who 
obtained phenyldiazonium nitrate from nitrosobenzene and nitric 


oxide in the liquid phase. 
N=N-C¢H, 


OH 
NO 6-naphthol 
———— — SS 
C,H_NO CpHEN2NO, 


Brown (63) studied a number of reactions involving 
isobutylene and nitric oxide. He proposed that the reaction occurs 
via a diazonium nitrate, the formation of which can be visualized as: 

R R R 
| | | 


aS 1 NOs eS Nv — eee 


“Ns a 
O,NO-R J — R-NEN + NO,” 


Christie (57, 64) found that nitrosomethane reacted 
with nitric oxide in the ratio of 1:2 to give a product which was 
stable in the gas phase at room temperature, but decomposed on 
freezing and rewarming. 

Forst and Rice (11) studied the thermal decomposition 
of azomethane in the presence of the isotopic nitric oxide, 150 F 
and found that nitrogen was produced from the nitric oxide. The 
ratio of the nitric oxide consumed to nitrogen produced increased 


with increasing the nitric oxide pressure and reached the vicinity of 
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two at about the same pressure as when the rate of formation of 
nitrogen was minimum. Beyond this point the amount of nitric 
oxide consumed continued to increase slowly. 

Gowenlock and Healey (65) have recently studied the 
pyrolysis of 2-methyl-2-nitrosopropane over the temperature 
range 140 to BDO or They obtained nitrogen, nitric oxide and 
isobutane as the major reaction products. They found that small 
amount of nitrogen (0.05% decomposition) could be produced at 
temperatures as low as 10% 

Reaction 5: Further reaction with radicals 

Gingras and Waters (66) found that 2-cyano-2-propyl 
radicals added to nitric oxide and aromatic nitroso compounds to 
give trisubstituted hydroxyamines. 

Bromberger and Phillips (67) observed the formation 
of trimethylhydroxylamine via the successive addition of methyl 
radicals to nitrosomethane. 

Hoare (68) found that in the photolysis of acetone-nitric 
oxide mixture at 200- the number of radicals scavenged per nitric 
oxide molecule is between two and three, but no products were 
identified. 

Maschke, Shapiro and Lampe (69) studied the photolysis 
of azomethane-d, -nitric oxide mixtures. In the photolysis of a 
mixture of 11.8 torr of azomethane-d¢ and'0.2.tornr of mitric oxide , 
CD3NO forms immediately and goes through a maximum. This 


maximum occurs at about the same time that essentially complete 












ft 
Pi 


% 


Hu Urynton) Oiese ac pie aia 
: i] 
vunvieter «60 aie 
Ky woke vero’ Sidaeaa 


wos IO slaving 


¢ 


r iy vil @ Oh spe 


sS3NbO CTT i cli és oahedge 


O 


i: ‘hothe elephbeny 
oc teria yea bath hor ee Heeiaet aan 


ees 2 is 4 hl d i. bey 7 


SEER ed 8 Ley fyedoe waked 
ve 73 
Theo iS aoe Ir oF ated 


‘ 





fs 


depletion of nitric oxide is observed and at the same time as the 
occurrence of a very marked increase in (CD,),NOCD, concentration. 
They calculated that nitric oxide is only 15 times more effective 


than nitrosomethane in scavenging methyl radicals. 
Secondary Deuterium Kinetic Isotopic Effect Studies 


Secondary deuterium kinetic isotopic effect studies have 
proven useful in examining reaction mechanisms. Measureable 
force constant changes are observed when the isotopically labelled 
center changes hybridization. 

Seltzer and a coworker (19, 70) have used secondary 
kinetic isotope effects to evaluate the bond-breaking that occurs 
in the transition state during the thermolysis of various symmetrical 
and unsymmetrical azo compounds. They found, on comparing 
azo-bis--phenylethane(2la) with azo-bis - <-phenylethane- A, a-d, 
(21b), an isotope effect, Ko 1a! Kap 01 27 ot 0...0 3.45 vec Ouparas On 
with numerous other reactions they formulated criteria that if a 


2 in the trans- 


center is changing from sp? in the ground state to sp 
ition state that the change in force constants result in a 12-14% 
decrease in rate per «-deuterium substitution at the reaction site 
(at 105°). Halevi has reviewed secondary isotope effects (71) and 
using equation: 

log kj,/ky = 2 SAC aioe 0eeR LT 
where nis the number of deuteriums undergoing change of hydrid- 


ization and uae is the free energy change per isotopic 


substitution has suggested that the values commonly found for 
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«-deuterium kinetic effects are in the order of 80 - 115 cal mole ~! 
Table XI lists some of the values presented in the literature. Thus 
the value obtained by Seltzer provides good evidence for the 
simultaneous rupture of both carbon-nitrogen bonds, Scheme A, 
eae Thermolysis of a&-phenylazo-2-propane (22) presented a 


somewhat different picture. The secondary effects, k /k = 
CPA aA 


Oe 


trorand Koa / 2 = 1,04, led to the conclusion that here too, 


“—~sS 


both carbon-nitrogen bonds stretch in the transition state but to 
unequal degrees, 
Cette -C-N-=N-C-GCeits Spe ae NC OM CA Neel 


x x x EY x 
2la, X = eye OR CA 23a5 4 = Y= H 
Zibb FeX = DoD aes =o Lay set Pals ee ~ eB See 
~~ —~— 7S 
22c, Xie AY =D 230 ae XeieeD) 


In a third and less symmetrical case, «-phenylethylazomethane 
(23a), «-phenylethyl-«-d, -azomethane (23b) and &«-phenylazo- 
methane-d, (23c) were thermolyzed. A comparison of rate 


constants , k pak = lis eandsk juke = 0.97, led to the 


23a ' “23b 23a 


conclusion that the slow step involved rupture of only the «-phenyl- 


23¢ 


ethyl carbon-nitrogen bond. Rupture of the methyl-carbon bond 
had to occur in a subsequent step. 

Crawford and coworkers (73 - 75) have measure &%- 
deuterium kinetic effects on the thermolysis of 1-pyrazolines 24, 


~~ 


tha ie 26, and 27. 
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The observed SA Gs values of 77 - 93 cal per deuterium were 
interpreted as suggesting that both carbon-nitrogen bonds are 
being cleaved in the rate-determining step (see Table XI). 

Koenig and coworkers (76 - 78) have studied the &- 
deuterium secondary kinetic isotope effects on the thermal decom- 


position of acetyl peroxide 28, tert-butyl peracetate 29 and tert- 





butyl-phenyl peracetates 30 - 33 (see Table XI). 


Gee 20. GeCDs CD,C-0-O-t-Bu 
aii | I I 
O O O 
28 29 
D ee 
CoH,-G-G-O-O-t-Bu CH5-C-G-0-O-t-Bu 
DO 
30 31 
p-NO, -CeHy-C-G-O-O-t-Bu p-MeO-CgH4-G-G-O-0-t-Bu 
D fe DO 
32 23, 


The very small values of the isotope effects observed 


for 28 and 29 were interpreted in terms of a non-concerted process, 
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while the relatively large isotope effects observed for 20 ~ 33 were 
rationalized by a concerted mechanism leading directly to decarboxy- 
lated radical, carbon dioxide and tert-butoxy radical in single step 
with no intervening intermediate, The lower values of &«-effects 
on the thermolysis of the peroxy esters compared with those of the 
azo compounds indicate that the transition state of the fragmentation 
of the peroxy esters occurs early on the reaction coordinate in 
relation to carbon-carbon cleavage. 

The values of SAG* obtained for the azo compounds 34 
and ae even when maximized for possible error from scrambling, 


are smaller than those normally encountered (6) 


DIGS LE AIO IS i 


me 
34 35 
~ ~ 
being 65+ 10 cal mole~!, If a non-maximum correction for 


scrambling were applied the values would be 62 + 10 cal mole! 


when interpreted by Scheme A wherein both allylic center are being 
altered . Application of Scheme B gives value of 124 ipSecal 
mae a value Since though in the maximum range generally 
encountered is not unreasonable since for azo compounds the 
transition state occurs late on the reaction coordinate (see section 
3.3 of reference 2). The authors were concerned about the low 
value for the allylic resonance energy that was implied from a 
mechanism following Scheme A. Whereas Scheme B gave a value 


which did not seem unreasonable. 
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Allylic Resonance Energy (ARE) 


The allylic resonance energy is defined as the difference 
in dissociation energies between a C-H bond conjugated with a 
double bond and the similar bond in a saturated paraffin at the same 
temperature. The most reliable value of the allylic resonance 
energy’ has been determined by Egger, Golden and Benson (82) from 
a study of the iodine-catalyzed isomerization of l-butene. The 
overall reaction is 

i< +: l-butene ————_=> [> + 2-butene 
and by a steady-state treatment of the detailed mechanism it has 
been possible to obtain an activation energy for the step 


its et CH,CH, CH=CH era aaa CH, CHCH=CH, me es 


2 


corresponding to Ee =112.4 kcal ious : Previously the value 
Be - 45.0 keal mole~! had been reported (83) for the reaction 


a : 
E + CH,CH,CH, CH,CHCH, ert L 


which was identified with the activation energy for the analogous 
reaction with n-butane, since D(i-C,H_-H) =D (sec-C,Hy-H). 
It follows that the resonance energy is given by 25.0 - 12.4 = 12.56 


: . thewuncertamtyan the allylic resonance energy has 


1 


kcal mole™ 
been claimed to be less than 1 kcalmole™ The value reported 


previously by Benson, Bose and Nangia (84) in a preliminary 


kinetic study of the iodine-catalyzed isomerization of 1-butene was 


* Some of these values are butenyl resonance energies however it is 
generally assumed that there is little difference between the allylic 
resonance energy value and the butenyl resonance energy value i 
(103). 
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1303 2 3 kcal moles . These values are in excellent agreement 
with the values obtained from the thermal rearrangement of vinyl- 
substituted cyclobutanes and cyclopropanes. 

Hammond and DeBoer (85) have reported an activation 
enthalpy of OH a & 24,0 keal mole! Lor tne first-order cleavage 


of the carbon bond between the substituents in trans-divinylcyclo- 


butane. At a mean temperature of 448°K it can be calculated 
E, > OH *4+RT = 34.0+0.9 = 34.9 kcal mole"!, This value is 
1 


to be compared with the activation energy of 61.3 kcal mole ~ for 
the cleavage of the same bond in 1 ,2-dimethylcyclobutane, as 
reported by Gerberich and Walters (86). This leads to an allylic 
Pesonance energy of (61.8 - 34.9)/2 = 13.2 kcal een 

Ellis and Frey (87), comparing the activation energies 
Por thensomerization;ot 1’, I -dimethylcyclopropane to methylbutene 
(62.6 kcal) and 1-methyl-1-vinylcyclopropane to 1-methylcyclo- 
pentene (49.4 kcal), deduced a value for the allylic resonance energy 
of 13.2 kcal. Other values of the allylic resonance energy obtained 
from the thermal rearrangement of vinyl-substituted cyclobutanes 
and cyclopropanes are listed in Table XII. 

The bond dissociation energy D(allyl-H) is given by the 
expression 

D(allyl-H) = OH;(allyl) +4H,(H) - OU; (propene) 

where O H; (allyl) eee Hy (H) and ac H; (propene) are the heat of 


fo) 
formation of the allyl radical, hydrogen and propene at 298 K 


respectively. From the existing thermochemical data, 
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Oo 
4 H;(propene) = 4,88 kcal mole”! and OH-(H) = 51.2 kcal mole”! 


(7), this leads to 
D(allyl-H) = 4 He (allyl ) + 52.1 + 4,88 
= OHp(allyl) + 47.2 
and since 


ARE = D(CH,CH, CH,-H) - D(allyl-H) 


2 


-1 
and D(CH,CH CH, -H) ==e9S kcalbimolet. (7)}) this leads to 


is 
‘hig Soca =e H (allyl) 
therefore ARE can be calculated knowing 4 He (allyl) pagel Hy (allyl) 


was first obtained from the thermolysis of 1-butene by the toluene-~- 


carrier technique (9S 


CH3CH) CH=CH, oo CH, a »-CH, CH=CH, 
corresponding to E, = 66.2 kcal mole !, The known thermo- 
chemical data lead to O H, (allyl) 9505 2.kCal eas . A reinvesti- 


gation of the thermolysis of 1-butene using the aniline carrier 
technique (98) showed that first-order rate constants were measured 
in the pressure-sensitive region, and hence the experimental 
activation energy was considerably less than the limiting pressure 
value. 
The very low heat of formation of allyl radical (32 kcal 

Pto1e he) was also observed in the studies of 1,5-hexadiene thermo- 
lysis by Homer and Lossing (99), 

CH, =CH-CH,-CH,-CH=-CH, aed CH, =CH-CH,: 
while Akers and Throssell (104) later obtained 37 kcal mole! for 


the same thermolysis. The origin of the discrepancy is not 
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obvious but it is known that a major complication arises from a 
radical chain decomposition of 1 ,5-hexadiene (100). 

Results on the thermolysis of allyl methyl sulfone by 
toluene-carrier technique can also be used to obtain OW (allyl). 
Besfield and Ivin (101) have determined BE. = 47.7 kcal mole’! for 
the thermolysis reaction 


CH, -CH-CH,-SO,-CH ———=> CH, =CH-CH,° af CH350 2 


3 Z 


and thus 


OH, (allyl) = D(C 


oO 
5-S02CH,) - 4 HP(SO,CH,) 


O 
+ OH? (C3H,SOCH3) 


OH;(C,H,SOCH,) has been shown to be as -73.5 kcal mole! and 
OH; (SO2CH,) @anabe festimated asy-63..2 kcal plow so that 
OH (allyl) is 37.4-kcal ee corresponding to D(allyl-H) = 
94.6 kcal mice: | 

Golden, Gac and Benson (102) have recently reported 


the direct measurement of the equilibrium constant IBS a for ithe 


reaction 
k 
GH Git ata ee ee be CH= ECHetGHeaGE 
2 CH,=-CH H, . 3 pile: CHa Cisse ae > 
d 
and, thereby , a direct measurement of ARE. .K was measured 


reife 


by determining both Kk. and k, under exactly the same condition. 


d 
The k, and k, was measured by observing the decomposition of 
diallyl oxalate and of 1,5-hexadiene. Diallyl oxalate decomposes 


to give 2 allyl radicals and co, and the allyl radicals combine to 


yield 1,5-hexadiene. The values of K. d determined at two differ- 


ent temperatures yielded the enthalpy change OH? ae -62.2 kcal mole~!, 


chy 
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Dice 


fe) S oO ; oO 
Se = SH, (1 ,>-hexadiene) - 2 OH, (allyl) 


and since O He(1 »o-hexadiene) = 20.2 kcal mole! , this leads to 
fe) 3 a 

OH, (allyl) = 41,2 kcal mole a This value is in agreement with 

Pie-value 6 Hy (allyl) = 41,4 kcal mole”! obtained by the measure- 


ment of K. for the reaction (103) 


.@ 


lL, oe CH, - CH-CH, 


The value of OH; (allyl) = 41.2 kcal mole”! yields D(allyl-H) = 


CH, =CH-CH,I sage! 





29.4 keal ole io and ARE = 9.6 kcal mole}, They have stated 
that the value of 9.6 kcal mole™! may be uncertain by as much as 
2 or 3 kcal mole™! but it must surely lay to rest any thought that 
ARE is much greater than 12 kcal mole7!, Table XIII summarizes 
the allylic resonance energies obtained by the studies of OH,(allyl). 
We shall adopt 12 kcal mole? as a reasonable value for the allylic 
resonance energy. 

Utilizing the azoethane activation energy of 48.5 kcal 


1 al-Sader (6) estimated the allylic resonance energy contribu- 


mole- 
tion to thetransition state for a two bond homolysis (Scheme A) 
mechanism to be 6.2 kcal oie whereas a single carbon-nitrogen 
bond cleavage (Scheme B) implies an allylic resonance energy of 
12.4 keal eae | . The authors were reluctant to decide in favour 
of Scheme B because of the possibility that the transition state is now 
more like the reactant (Hammond's postulate) and consequently all 


of the allylic resonance energies from both allyl groups may not be 


manifested in the activation energy. 
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(ATe SHY - 19 = HUV 
CeLy it ( Atte) ng = (H-TATI®)C 2 
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Rezo fe AR GH OD da laley iC 


In solution there is good evidence for a concerted 
cleavage of both carbon-nitrogen bonds, Scheme A (31, 70), anda 
two step process, Scheme B (19, 29, 3) for unsymmetrical azo 


compounds, In the gas-phase both mechanisms have been suggested, 


N RR! 
a Ng oa aa gt A) Op No eer Scheme A 
R N 
N ! 
ee \S ae a NS et ap ONG Scheme B 
R N 
but rigorous proof has been lacking. The objective of this thesis is 


to propose and examine azo compounds that will assist the choice 
between Scheme A and B for the gas phase thermolysis of azo 
compounds. The compounds to be utilized should have a reasonable 
vapour pressure for vacuum line techniques and have a major differ - 
ence between R- and R'- as predicted by the bond dissociation 
energies of R-H and R'-H. The compounds that best fulfill this 


need are: 


N CH, CH, CH N CH Gi 
Bag Nac NA ae Nh NY XZ 
36 46 
N CH, CH, CH N CH, CH, 
cna SSA Sw & MEA Sy Sh 
47 52 
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and va 4 SS ae 
CH, N CH 
a3 
What differences can we predict for Scheme A and 
Scheme B in comparing the set 36, 46, 47, and 52? Ramsperger 
(9) has suggested and Rllchardt (2) has supplied supportive evidence 
for the criteria for Scheme A that the activation energy for the 
unsymmetrical compounds will be the mean of the activation energies 
for the corresponding two symmetrical compounds. Using our know- 
ledge of 52 (6) and the data from Table I we can thus predict rate 
constants at 120° for 36,°46, and 47. Since some of the. azoalkanes 
have a multiplicity of values we have made our predictions using both 
the extrapolated maximum and minimum rate constants from TablelI, 
e.g. for 36 the data of Forst and Rice (11) predicts the smallest 
rate constant for azomethane at 120°, thus taking the mean of the 


activation energies and log A values gives for 36 


Foo OAS 2k (1G Gace ett 5s S)ae- bl 6.3 
2 


Des = (85.5 tP36el) = 45.8 kcal mole 4 , 
using these data at 120° we calculate a rate constant for 36 of 
Ke=sOgork ae sec7!, The data of Rice and Sickman (9b) gives 
the largest extrapolated rate constant for azomethane at eth and 
using it we get the activation parameters log A = 15.7, E. ate eae 
keal Shee . These data predict a rate constant for 36 of 5.0 x 107? 


seis at 120°. The rate constants calculated in the analogous 


manner for 46 and AD are shown in Table XIV. 
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Table XIV. Prediction of relative rates using mechanistic criteria. 
k (e) 
a Ks at 120 
Scheme A Scheme B 
n 
min max min max 
a -2 
36 Erma x< 10 em OeeLU See 10) 520 
_4 - 
46 6.4 x 10 PO Exa 0 px 10 eka!) 
47 eee AOR 5x 107* 5.0 


If Scheme B is appropriate to the mechanism of azo- 
alkane thermolysis then we expect the first step to be rate deter- 
mining* and for the set of compounds 36, 46 and 47 we would expect 


the allyl-nitrogen bond to be most readily cleaved. Toa first 


approximation then these compounds should be 0.5 times the rate 


of 52. That steric effects may play a role in making the values 


different from 0.5 times that of 22 has been documented in the 


historical section (see Table VII and VIII). It seems unlikely 


however that the steric effects would change the rate by more than 
onespower.ot 10. [Hus we can spredict that if Scheme Deicerepre. 
sentative of thetrue mechanism then the rates of 36 ‘ 46 and AT will 


bein thes ange 5 x 1074 eS toe aS , and that if the relief of steric 
J 


r7Z 


EE Ee 


ste 
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Benson (3) has shown that the second step R-N." ——+R: + N, 
would be very exothermic and thus reasonably expected to be 
very fast relative to the first step of Scheme B. 
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compression is playing a role, as has been suggested (32 - 35), 
then ky > Nye Od ey, cine kay P 100k,,. The criteria for 
deciding eee eenenrs A and B as representative of the azo- 
alkane gas phase thermolysis mechanism are outlined in Table XIV 
and is shown graphically in Figure 5 (including an allowance for 
steric effects). 


In Figure 6 if the value of log k, - log ke5 falls in the 


lined region AMG then the mechanism is best represented by 
Scheme A; if it falls in the dashed region NN then sohemedD, 


Values above and below those areas seem very unlikely and values 
in the intermediate blank and overlapping regions do not permit a 


clear cut décision as to mechanism. 
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Figure 5. Graphical representation of the basis for making the 


decision between Scheme A and Scheme B. 


Scheme A Scheme B 
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All boiling points and melting points are uncorrected. 

The ultraviolet spectra were obtained on a Jasco Model 
ORD/UV-5 spectrophotometer. The nuclear magnetic resonance 
spectra were obtained using a Varian A-60 and HR-100 spectrometer. 

The exact masses of the azo compounds were obtained 
on an A.E.1. MS-9 mass spectrometer (70 eV, room temperature 
let). “Products -analyees were’ carried ‘out*on an A -E. 184 MS- 12 
mass spectrometer, of which the ion source was coupled by means 
of a Watson-Biemann helium separator directly to an Aerograph 
Model 1200 Hy-Fi gas chromatograph. Isotope ratio measurements 
of nitrogen were carried out on a C.E.C. 21-614 mass spectrometer. 
Microanalyses were carried out in the Microanalytical Laboratory 
or the=Department of Chemistry) University of Alberta. 

Gas chromatography was carried out with an F and M 
Model 500 programmed temperature gas chromatograph and a 
Varian Aerograph Series 1200 programmed temperature gas 
chromatograph. Sample purifications and product analyses were 
carried out on a gas chromatograph consisting of a Gow-Mac Model 
TR-2-B,W thermal conductivity cell with a Gow-Mac Model 40-50 


power supply in conjunction with a Sargent Model SR recorder. 
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(A) Apparatus 


A schematic diagram of the vacuum rack used for the 
preparation of samples and analysis of products is shown in Figure 6. 
The gas buret was calibrated by filling with mercury 
and weighing. The volume of the manifold surrounded by valves 
Hy - He - Ng and Ng and calibration mark 2 was measured by filling 
with carbon dioxide which was transferred to the gas buret (Table 
XV). The volume, V, of the round flask surrounded by valves N, 
and N, , calibration mark 1 and the Bourdon gauge was measured 
by filling with carbon dioxide and transferring this to the previously 
calibrated manifold (Table XVI). The Bourdon gauge was calibrated 
by filling with carbon dioxide, reading the pressure and transferring 
the carbon dioxide to the gas buret. The pressure in the gas buret 


was divided by the ratio of the volume V to that of the gas buret 


(Table XVII). 
(B) Procedure 


{a) Preparation of Samples 


Valve Ny and mercury cut MCl were closed. Several 


break-seals were glassblown to the ends of the valves by blowing 
through valve Ng and then pumped overnight for conditioning. The 
volume of the manifold and the combined volumes of each of the 
break-seals and the dead volumes in the valves were measured in 
the following way. A carbon dioxide container was attached at 


valve N, » valves iy ; N, ; Fy ; FF, and No and mercury cut MCl 
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Table XV, Calibration of the volume of the manifold. 














Pressure in the Bree sure min soit. (anal Volume in the 
manifold buret manifold 
Db Me ontor r [3544 torr | D2 earl 
47.7 bio .0 Po2r 
1335 Levees a8 P2120 
AV. D2 Ue 





Table XVI. Calibration of the volume of the Bourdon gauge. 





Preseutce in the Pressure in the Volume of Bourdon 
Bourdon gauge [21.7 miomanitold gauge 
25, (Horr 165.5 torr 783 ml 
oOo 214.0 718 
Si ZU cal 782 
Av 781 
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Table XVII. Calibration of the pressure of the Bourdon gauge. 


OC A CS 
Re tr on esr 


Gauge reading Gas buret reading Corrected Cor, 
value 
torr ml torr torr torr 
¥9. 69 ble BOtno Oe -0.87 
16.86 sae) 245.6 Tey ake -0.61 
11.40 5ST -/ Mey diPiaiik 11.06 -0,34 
6.81 Bese: 204.7 6205 -0.17 
A: 44. ee Te5.6 4.20 -0.04 
2 P23 t200 rogues fe. -0,02 


1.00 BAS 11.2 in 0 +0510 
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were closed, then valves N, F > : Ny and Hy - He were opened, 


Carbon dioxide was transferred to one of the break-seals by 
freezing at liquid nitrogen temperature. Valve Ny was closed and 
the carbon dioxide was expanded to the manifold and break-seals. 
The mercury in Toepler pump 1 was brought to calibration mark 
CM2, then the pressure was read by a cathetometer. In order to 
transfer the carbon dioxide in the manifold into the gas buret, the 
mercury in valve Fg was brought to calibration mark CM3, valves 


Vedas 2 ariel 


5 Ro gps 8) 


and Nio closed, then valve Ny was opened. The carbon dioxide 


; Fe and No were opened, valves F Ni N 


ome 
was frozen on the surface of the thermowell in Toepler pump 2 
which contained liquid nitrogen, the mercury was lifted up above 
the arm of Toepler pump 2, then the liquid nitrogen was blown off 
Oveairs tehhe panei was brought to one of the calibration marks 
of the gas buret and the pressure was read by a cathetometer. The 
combined volume of each of the break-seals and the dead volume 
in the Hoke valves were measured in this manner. 

The azo compound was transferred from storage valve 
S_ to one of the break-seals by freezing at liquid nitrogen temper - 
ature, valve N4 was closed, then the azo compound was expanded 
to.the manifold and the break-seals. . The mercury in Toepler 
pump 1 was brought to the calibration mark CM2Z, then the pressure 
was read. Samples attached at valves Hy - He were cooled down 
to liquid nitrogen temperature and sealed one by one.* The *break- 


seals were connected to the glass tubes for thermolysis (see 


















- ’ - 1 
ee Wi. to ne “Vv Jia ibs ‘ soeale ot 
j a: j , 

. a | 
yl re!) ¢ spare oih — < 
ry 4 Tc ee | io ss entanes 

CAT rT uf cad yall codeaaie 
1 
s MEL 
‘ + Pe r rales 
‘ i i 4 my t i per | 
orl 4 D Go Ba SVL td “fo (been ot 
$9, Fo. latte wit) 268 nome 
~ « * : 
seo ws oni Bigg heel a: idw 
7 ca 
ens WY, 2s ests CAR of pot Se rine | mn 
; \ y 
, 0) itnvotd eow speeds eee i 
} L ah sso St? anise Gee c&R 
shawe “As be Seid te tame 78 etilew be 
hoo ttt eh Vous diGy. Saaw -ApVERe onli 
& zy 7 


Ay 1; Eh ig rth ) TIMI wuts tenes @s wie ry De ome HAT - 7 


“vq I Perils r biusil hye Bets a ih % i. io a 86 Ag 


| brinotes isis raga Gad adit wide eon: a 
| = ms ; : 


63 


Pieurers). 

In an experiment with a foreign gas such as nitric oxide 
or xenon, the azo compound was quantified in the above mentioned 
manner and frozen in one of the break-seals. <A foreign gas was 
transferred and frozen in one of the break-seals and expanded to 
the manifold and the break~seals (the appropriate number of the 
break-seals could be used depending on the ratio of the foreign gas 
to the azo compound), then the gas in the manifold was taken back to 
a storage bulb. The valves of the break-seals which contained 
the azo compound and the foreign gas were opened and both gases 
were thoroughly mixed by raising and lowering ten times the mer- 
cury in Toepler pump 1. The mercury was then brought to cali- 
bration mark CM1 and the pressure was again read. This was 
always found to Seite an experimental error of the calculated 
value. For example, methylazo-3-propene was expanded to the 
manifold and eight break-seals (total volume = 121.7 +19.2+17.9 
+18.6 +19.3 418.9 +18.54+19.0+4+19.2 = 272.3 ml). The pressure 
read 31.0 torr. Nitric oxide was measured in one of the break- 
seals (71.0 torr in 1923 ml). Methylazo-3-propene and nitric 
oxide were thoroughly mixed, then the pressure was read SG, l tors, 


(calculavedigalue , 31104 ae e710 1931.0 $25.0 = 3600 tore): 





The ratio of nitric oxide to methylazo-3-propene was calculated 

5.0/31.0 = 0.161. The amounts of the azo compound in the break- 
seals were calculated according to Boyle's law. For example, the 
19.2 ml break-seal contained S52 pmoles of the azo compound at 
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Figure 7. Break-seal connected 


to a glass tube for thermolysis. 
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Figure 8. Break-seal for mass 


spectrometric analysis of nitrogen. 
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The procedure was modified in the following manner 
for the azo compounds which have a low vapour pressure. Several 
200 ml bulbs were glassblown to the ends of the bulbs. After 
conditioning overnight, the combined volumes of each of the break- 
seals and the dead volumes (the bulbs) were measured in the same 
manner as described above, The azo compound was transferred 
from a storage cylinder connected to the end of valve Ny to the bulb 
attached the Bourdon gauge: Ohe pressure, was read, then the 
azo compound was frozen onto the surface of the thermowell in 
Toepler pump 1 using liquid nitrogen, The mercury was then 
lifted up above the side arm of Toepler pump 1, and the liquid 
nitrogen was blown off. The azo compound was then expanded into 
the break-seals, the dead volumes and the side arms by lifting the 
mercury up to calibration mark 2. The subsequent procedure was 


the same as that described for the more volatile samples. 


(b) Reaction Bath 

The reaction was carried out in a well insulated covered 
oil bath. The temperature was controlled by a Melabs proportional 
temperature controller, and was measured with a four junction iron- 
constantan thermocouple, using a reference ice Seine and calibrated 
with a Hewlett-Packard 2801A (NBS) quartz thermometer. Read- 
ings were taken with a Leeds & Northrup Type K potentiometer. 


bates ) 
The oil bath temperature was maintained within £0.02. 
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(c) Method of Analysis of Products 


i) Thermolysis products of methylazo-3-propene eas) 
After the reaction the break-seals were again connected to the 
manifold for analysis and then pumped overnight for conditioning. 
In an experiment without any foreign gas, valves Hy - He : Neg A > ; 
F., Nes N¢; ee Fy, Eg, Ny, Ng and Nio? and MCl were closed, 
the mercury in valve Fg was brought to calibration mark CM3 and 
traps 2 and 3 were cooled in liquid nitrogen. One of the break-seals 
was broken by a piece of magnet covered with glass, then the valve 
bee was opened. After 5 minutes Be was opened. When the press- 
ure was constant in Pirani gauge P. : N_ was opened and non-con- 
densable gases (nitrogen and methane) were pumped out by means of 
Doeplér punip 3 untilbthe pressure on Pirani gauge 3 remained 
constant. The mercury was brought to the calibration mark of the 
gas buret and the pressure was read. The mercury in valve By 
was brought to point A, valve Fg was opened, then the non-condens- 
able gases in the gas buret were transferred to trap 4 by means of 
Toepler pump 3. The mercury in Toepler pump 3 was brought to 
point B and the non-condensable gases were injected onto a gc 


column by closing valve H,, and opening valves Hy and a aeniler 


10 


the non-condensable gases were analyzed by gc, valves Hg and 
H,, were closed, H,,9 opened, then Fj opened carefully. After 


ten minutes, ey was closed, Be and Nig opened and the helium was 


pumped out. Valves Fe and N, were closed and the mercury in 


the Tcepler pump 3 was brought to point B. Trap 4 was cooled in 
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liquid nitrogen, valve Is was opened, then liquid nitrogen was 
removed from traps 2 and 3, After the condensable gases were 


transferred to trap 4, the mercury in valve F,, was brought to 


10 
point A. The liquid nitrogen was removed from trap 4, then the 


condensable gases were injected onto a gc column (10 ft dimethyl- 


sulfolane column). 


ii) Thermolysis products of tert-butylazo-3-propene (49). 
The procedures were essentially the same as those for methylazo- 
3-propene except that trap 2 was cooled in an n-pentane slurry 
(=130~} and trap 3 in liquid nitrogen. The C, components trapped 
in trap 3 were analyzed using a 10 ft dimethylsulfolane column and 
fhen coe) C components trapped in trap 2 were analyzed by using 


6-8 


a 3 ft dimethylsulfolane column. 


#11) LNitric,oxide and xenon experiments, 
When nitric oxide or xenon was present as a foreign gas, solid 
nitrogen was produced in the solid nitrogen trap (21.0) and valve 
Be was opened. After the pressure caused by the non-condensable 
gases was constant on Pirani gauge 3 the valve No was opened. 
The non-condensable gases were then pumped out, measured in 
the gas buret, and then injected onto a gc column. 

The nitric oxide trapped in the solid nitrogen trap was 
pumped out, and the xenon trapped in the liquid nitrogen traps was 
pumped out at liquid argon temperature (-186°). Condensable 


gases were analyzed by gc in the aforementioned manner, Ethane, 
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the most volatile condensable gas was not found to be pumped off 
at the liquid argon temperature. 

Nitric oxide and isotopic nitric oxide NO were 
purified by sublimation from a trap immersed in liquid argon to 
a trap immersed in liquid nitrogen. The N,O content was thus 
reduced to 0.05%. 

For mass-spectrometric analysis of nitrogen the 
nitrogen collected in the gas buret was transferred to a break-seal 
in the following manner: a break-seal with constricted side arms 
was connected on the top of Toepler pump 3 (Figure 8). (The helium 


tested valve should be closed during the glass-blowing operation.) 


Constriction 1 was sealed while being pumped by a low vacuum 


pump. The helium tested valve, valves Fe ; oye and N, and mercury 
cut MC2 were opened for conditioning overnight. After the nitrogen 
was measured by the gas buret, float valve 9 was opened. The 


nitrogen was then transferred to the break-seal by means of Toepler 
PunNip oo «oy Wilting the mercury up to the sidé-arm, then’ constriction 


2 was sealed. 


iv) Gas chromatography. 

The non-condensable fraction (methane and nitrogen) was 
analysed on a 5 ft, 1/4 in. glass column filled with 40-60 mesh high 
- activity charcoal (Burrell). The column was calibrated for nitrogen 
and methane by injecting a known amount of each gas onto the column 
and measuring the corresponding peak area, Peak areas were 


measured by multiplying the peak height by the width at half height. 
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Seven calibration points were obtained for nitrogen, spaced over 
the range 16-67 Ue moles, nine calibration points were obtained 
for methane, over the range 1.4-10 ~moles. The calibration was 
linear overthe entire range and calibration factors determined by 
the method of least squares show a standard deviation of 2.6% for 
nitrogen and 4.9% for methane. The ratio of calibration factors 
(= ratio of sensitivity) for nitrogen and methane was 1.12, in good 
agreement with the figure 1.14 determined by Forst and Rice (11). 

Condensable gases obtained in the thermolysis of methyl- 
azo-3-propene were analyzed on a 10-ft, 1/4 in. glass column 
filled with 20% dimethylsulfolane on 30-60 mesh Chromosorb P 
(Johns-Manville). The column was calibrated for l1-butene, 1 ,5- 
Me-adiene and azomethane at room temperature. The ratios of 
sensitivities of eer to 1 ,5-hexadiene, and 1-butene to azo- 
methane were 0255 andd.il:) This column was capable of 
separating ethane, carbon:dioxide, propene, cyclopropane, Il-butene, 
allene , n-pentane, azomethane, 1,5-hexadiene and methylazo-3- 
propene , but not ethene- or carbon dioxide-nitrous oxide mixtures 
at room temperature. The ethane-ethene mixture was separated 
using an activated aluminum column at 0°. A 6 ft, 1/4 in. glass 
column filled with 30-60 mesh silica-gel (Hewlett-Packard) was 
capable of separating small amounts of ethane from xenon, 

The C, components (isobutane and isobutene) obtained 
in the thermolysis of tert-butylazo-3-propene were analyzed ona 
10 ft, 1/4 in. glass column filled with 20% dimethylsulfolane (F and 


M Scientific) on 30-60 Chromosorb P (Johns Manville). The Ce 
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to Cg components (1,5-hexadiene, 4 ,4-dimethyl-1l-pentene and 
2,2,3,3-tetramethylbutane) were analyzed on a 3 ft, 1/4 in. glass 
column filled with 20% dimethylsulfolane (F and M Scientific) on 
30-60 mesh Chromosorb P (Johns Manville). This column was 
capable of separating 1,5-hexadiene, 2,2'-azoisobutane and 
tert-butylazo-3-propene. The relative retention times are 


recorded in Table XVIII. 
(C) Syntheses 
(a) Methylazo-3-propene (36) 


Prepration of diethyl N-allylbicarbamate (38). 
Sodium hydride (19.0 g of a 53.8% slurry, 0.425 mole) was added to 
a well stirred solution of diethyl pbicarbamate (1709, 0.9385 
Eyal) in 800 ml dimethoxyethane (dried by distillation from lithium 
aluminum hydride) using a protective atmosphere of nitrogen. 
Upon completion of addition the reaction mixture was stirred for 
an additional three hours. Allyl bromide (68 g, 0.56 mole) was 
then added and the solution stirred for an additional four hours. 
Aiter standing overnight the reaction mixture was 
treated with ice and water and the bicarbamate extracted with. 
benzene, The benzene solution was dried over potassium carbonate 
and the excess benzene removed by evaporation. 
The excess ethyl bicarbamate was’ removed 
by filtration. The filtrate was then separated into two layers, the 


upper layer (mineral oil from sodium hydride) was discarded, and 
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the lower layer was vacuum distilled through a 30 cm Vigreaux column 
fe) 
Porm bp 9 )2 torn.) Hach graction was analyzed by ec (10 ft, 


7% carbowax, 150°) : 


Fraction Wt. Diallyl compound 
1 deg 5% 
2 Res) 1 
3 LO Deo 
4 8.8 — 


The third fraction was carefully redistilled and the fraction bp 102- 
TOs (oso torem, it, (O)ebo 99=101° (0.SHorr). wasitiree froinsthe 
diallyl compound 40 44.5 g (49% based on sodium hydride). The 
nmr spectrum (Figure 9) displayed signals at §1.25 (triplet, 6H, 
ester methyls), §4.12 (overlapping doublet and quartet, 6H, allylic 
and ester methylenes), ~¢5.12 (multiplet, 2H, vinylidene), ~55.86 
(multiplet, 1H, methine) and 87.45 (broad singlet, exchangable 


with D,O-NaOD PAPE RON TB ES 


The synthesis of diethyl N-methylbicarbamate (39) was 
achieved in the same manner described for the preparation of diethyl 
N-allyl-bicarbamate (38) except that methyl iodide was used instead 
of allyl bromide. The yield was 74% based on sodium hydride, 
bp 94° (0.5 torr), lit. (£06}%mp 131i 2awwhe nmr spectrum (Figure 
10) displayed signals at $1.26 (triplet, 6H, ester CH.) eee open Oe 
(singlet, 3H, N-CH3), §4.18 (quartet, 4H, ester methylenes) and 


$7.66 (broad singlet, exchangable with D,O-NaOD, FH. leo) < 
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The mass spectrum (MS-9, inlet temperature 185°) gave a parent peak 


at mass 190.0950 I : 
9 (calculated for CoH, 4N,04 ; 190.0954). 


Preparation of diethyl N-allyl-N! -methylbicarbamate (37). 
Sodium hydride (9.9 g of a 53.8% slurry, 0.216 mole) was added to 
a mixture of 38 (44.5 g, 0.206 mole) in 300 ml of dimethoxyethane. 
The solution was maintained at room temperature under a blanket 
of nitrogen and stirring was continued for three hours after the 
addition of methyl iodide (60 g, 0.422 mole) was complete. After 
stirring overnight the mixture was treated with ice-water and the 
product was extracted with benzene. The benzene solution was 
dried over potassium carbonate and the solvent was removed ona 
rotary evaporator. The residue separated into two layers, and the 
upper layer (the mineral oil from the sodium hydride) was discarded. 
The lower layer was fractionally distilled through a 30 cm Vigreaux 
column and each fraction was analyzed by gc (10 ft, 7% Carbowax 
column at 150°). After a small forerun there was obtained a 35 g 
(74%) sample, bp 72-73° (0.05 torr) free from impurities. The 
nmr spectrum (Figure 11) displayed signals at $1.25 (triplet, 6H, 
ester methyls), 53.08 (singlet, 3H, N-CH,), ~£4.2 (overlapping 
doublet and quartet, 6H, allylic and ester methylenes), ~55.2 
(multiplet, 2H, vinylidene) and ~65.9 (multiplet, 1H, methine). 
Anal, Calcd. for C,gH,,0,N5: C, BZ Ole Tis e188; eee eee 
Found: Ceeor ei thle 20 6 ween pe lees 

Starting from 39 the compound 37 was prepared in the 


analogous manner described above except that allyl bromide was 





















[we 
a 
i eqenad Tota er metas cae] SP 


Nut. 70) batiditad) 0800, OE SERRE: 


(thug JOO .y ©.) BE Ge Oneneie 


; : LM. 7 0h} ' °e itt ay aafintos. cua 
- 7 


siHtNSS okey Sethe Bie epee 


MA ITL GS vA") B-OO4 ehinas atin 26 ON 
i ua 
~ 2A 94T 2how eo Tule wey tipirteve Be te 


Vaan 
Sea oe? aliw betog ee ab wy , Boe Db 


; a 
ae 
\ eas bi JSptnita- ste ietag oe vm 
1, ,08T »,s0tevTagay®S 
irc Vai ote Te ee be Bate fy3e) | aay ‘Soma % “etn orf) sayehs 


. Puma at) Beliwe He y (youtidsdek sow sarge sol 
(is i By eyiie cae Toi saat daa Sean 


e 


wmrtn feet’ } facta Sh. par = 
»(L4 - ode i) ae a i Sor] [4 i. Eo } AL 55 cat selqmss 6 
: a 


M6 , sxdgind) MG ig 4! agi raga a Coe re ae 


ipaagatines) St aylF9-% 9c hye Llbicdesn, 
a us ie opal ie He 





miner 


765) 


used instead of methyl iodide. The yield was 87%. 


Preparation of 1~allyl-2-methylhydrazine (42) and 





methylazo-3-propene (36). 
A) Methanol method 

Arsolution of 37-(11.5 9, 0./05 mole) and potassium 
hydroxide (11.2 g, 0.20 mole) in a methanol (60 ml) water (10 ml) 
mixture was refluxed under a nitrogen atmosphere for one hour. 

The solvent was then distilled off and concentrated hydrochloric 
acid was added to the distillate to give 0.9 g of 1-allyl-2-methyl- 
hydrazine hydrochloride upon further evaporation. 

The original reaction residue was further distilled in 
vacuo and 3.5 g of the hydrazine hydrochloride was obtained by 
adding concentrated hydrochloric acid and evaporating the solvent. 
The residue of the last distillation was then taken up in water (50 ml) 
and methanol (20 ml) and refluxed for five hours under nitrogen. 

A repeated distillation, conc. hydrochloric acid treatment gave an 
additional 2.0 g of the hydrazine hydrochloride. 

Potassium hydroxide (6 g, 0.12 mole) was added toa 
solution of the combined hydrazine hydrochloride portions in 15 ml 
water. The inorganic salt was filtered off and the aqueous filtrate 
was extracted with ether using a continuous extractor. The ether 


layer was then concentrated to 10 ml for use in the preparation of 36. 


Preparation of methylazo-3-propene(36). A solution of 
1-allyl-2-methylhydrazine (42) (1.0 g, 0.016 mole) in ether (10 ml) 


was added dropwise to a well stirred slurry of red mercuric oxide 
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(50 g, 0.23 mole) and anhydrous sodium sulfate (10 g) in dry ether 
(35 ml). After five hours the solution was filtered, concentrated 
to 3.5 ml by distillation through a Vigreaux column, and the azo 
compound was separated by preparative gc using a 10%, 10 ft, 
Ucon 550X on Chromasorb column at 35°, The yield was 0.8 g (80%).: 
The nmr spectrum (Figure 12) displayed signals at 53.78 (singlet, 
3H, N-methyl), $4.46 (doublet, 2H, allylic methylene), ~55.3 
(multiplet, 2H, vinylidene) and ~6.1 (multiplet, 1H, methine). 


The uv spectrum has a Me al oso it (Ge = 20 aneoas). & Lhe 


ax 
mass spectrum (MS-9, inlet temperature 25°) gave a parent peak 
at mass 84.0687 (calculated for C,H.N, , 84.0688). The following 
peaks were also observed; 15, GH.” Stata, GOH s 28. Ne and 

2 ie i+. + a2 
CoH, ea Gg Cee 32S, CHEN: 4, C,H N, 
ats 


parent; 99 (weak), Cig ls 


B) Ethylene glycol method 

A slow stream of nitrogen was bubbled through 100 ml 
of warm ethylene glycol for 20 minutes in a mechanically stirred 
three necked flask. The gas inlet tube was replaced with a con- 
denser and a thermometer, and potassium hydroxide (9.52 g, 0.168 
mole) was added in four portions. The ethylene glycol solution was 
heated to 125° and 37 (8.5 g, 0.37 mole) was added as rapidly as 
possible to the stirred solution. After the addition, the temperature 
of the reaction was maintained at 125-130° for one hour. After 
being cooled, the mixture was cautiously added to 50 g each of ice 


and water and 30 ml of 12N hydrochloric acid. The ethylene glycol 
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Figure 12 


Solvent CDCl, 
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Figure 13 


Solvent D,O 





Hydrochloride of 
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Figure 14 
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and water were distilled off at, 1-2 tert The distillation residue 
was dissolved in water and extracted with ether. The ether 
extract contained a small amount of brown oil. The aqueous 


solution was basified with potassium hydroxide (5.0 g), then 
extracted overnight with ether using a continuous extractor. The 
ether was distilled off through a Vigreaux column. An aliquot of 
the residue was shaken with diluted hydrochloric acid and then the 
excess hydrochloric acid and water were distilled off at 90° (220 
torr). The nmr spectrum of the hydrazine hydrochloride (Figure 
13) displayed signals at $2.81 (singlet, 3H, N-CH,) mes Sati 
(doublet, 2H, allyl), £4.84 (singlet, 4H, -NH,-) and ~§5.6 (multi- 
eictorshiy vinyl). 

A solution of the crude hydrazine 42 in ether (50 ml) was 
treated with a wellistirred slurry of red mercuric oxide (50 g, 
0.23 mole) and anhydrous sodium sulfate (10 g). After five hours 
the solution was filtered, concentrated to 3 ml by distillation through 
a Vigreaux column and the azo compound was separated by prepar- 


ative gc. The yield was 0.9 g (20% yield based on 37). 


Allyl-1,1-d, benzenesulfonate was prepared by the 





addition of allyl- 1,1 -d, alcohol to a mixture of benzene sulfonyl- 


chloride and 2 ,4,6-collidine at. sao using the procedure described 


by Bergstrom et al.(107). The nmr analysis showed that the 


compound is completely deuterated in the desired position. Allyl- 
1 ,1-d,-alcohol was prepared from the reduction of acryl chloride 


with lithium aluminum deuteride using the method of Schultz et al. (108). 
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Diethyl N-(allyl-1,1-d,)-N' -methylbicarbamate (44). 


Aeneas: 








a a re 


Sodium hydride (1.05 g of a 57.2% slurry, 0.025 mole) was added 
to a well stirred mixture of 39 (4.75 g, 0.025 mole) in 40 ml of 
dimethoxyethane. The solution was stirred at room temperature 
under a nitrogen atmosphere for three hours, Allyl-1,1-d5 benzene- 
sulfonate (5 g, 0.025 mole) in 10 ml of dimethoxyethane was then 
added and the solution stirred for an additional four hours. After 
standing overnight the reaction mixture was treated with ice-water 
and the product was extracted with benzene. The benzene solution 
was dried over potassium carbonate and the solution was removed 
on arotary evaporator. The residue separated into two layers and 
the upper layer (the mineral oil from sodium hydride) was discarded. 
The lower layer was fractionally distilled through a S0cmavVagcreaux 
column and each fraction was analyzed by gc. 

After a small forerun a 3.0 g (52%) sample bp 80° (1 torr) 
free from impurities was obtained. The late fractions (1.0 g) were 
contaminated with 30% of the unreacted starting material. The nmr 
spectrum (Figure 14) displayed signals at 61.27 (triplet, 6H, ester 
methyls), $3.11 (singlet; 3H, N-CHa) e &.24i(quarteti-4ht vester 
methylene), ~§5.2 (multiplet, 2H, vinylidene) and ~55.9 (multiplet, 


1H, methine), and no allylic hydrogens at ~§6.0. 


Methylazo-3-propene-3 ,3-d,(43) was prepared by the 
hydrolytic decarboxylation (ethylene glycol method) of 44 (2.9 g¢, 
0.125 mole), then subsequent oxidation using the same procedure > 


used for the preparation of the afore-mentioned neutral compound 36. 
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The yield was 0.2 g (19%). The nmr spectrum (Figure 15) displayed 
signals at $3.77 (singlet, 3H, N-methyl), ~55.2 (mnltipiet 2H, 
vinylidene), ~ 46.1 (multiplet, 1H, methine) and no allylic hydrogens 
at $4.46. The mass spectral analysis showed a molecular ion 


which has a mass of 86.0816 (calculated for C,H,N,D, woo e0Glo). 


(b) i -Propylazo-3'-propene (46), 


(45). Sodium hydride (2.53 g of a 57.2% slurry, 0.0602 mole) was 
added to a well stirred solution of 38 (13.0 g, 0.0602 mole) in 100 

ml of dimethoxyethane. The solution was maintained at room 
temperature under a protective atmosphere of nitrogen and stirring 
was continued for an additional three hours. n-Propyl bromide 

(10 g, 0.0813 mole) and potassium iodide (1 g, 0.006 mole) were 

then added and the solution stirred for ten hours. An aliquot was 
taken out from the reaction mixture and after being treated with 
water, analyzed by gc (10 ft SF-96, 150°). 40% of the starting 
material was found unreacted. n-Propyl iodide (5.1 ¢g, 0.030 mole) 
was added to the redclion mixture. . ‘he reaction es found to 
complete after the solution was stirred for an additional 20 hours. 
The mixture was treated with ice-water and the product was extracted 
with ether. The ether solution was dried over potassium carbonate, 
the solvent was removed on a rotary evaporator and the product was pur- 
ified by distillation through a 30 cm Vigreaux column, which gave 7.0 g 


(45% yield) bp 94-95° (1.0 torr). The nmr spectrum (Figure 16) 
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Figure 17 


Solvent cpcl, 


CH,CH,CH,-N =N-CH, -CH=CH, 





‘id bt aregi't 
AMEDD demey bell 
itt ota If 





i 
' 
= . * i 
=§ 
. 7 
* : s 5 . 
bri as 
iy ¥ ery D : 
“ EE Oty, 
j ¥\ M i Hi 
bee . to , te a — — - 
—_ - = SS 
4 s 
é 
—— as un ee ees — 
} — 
| Ee 


TE edieg t= 
mi a, Te ol 
ae giprrs free ial chad onl 


‘ve 
I 
. 








A al 


=_— 
i 
ae 


82 


displayed signals at ~$1.25 (overlapping triplets and sextet, 11H, 
CH3CH,CH,N- and CH, CH,O-) , 63.43 (distorted triplet , 2H, 
CH,CH,CH,N-) , ~§4.19 (overlapping doublet and quartet, 6H, 

allyl and CH, CH) -O-) wo OS timuliipletmee2z Hy vinylidene)" ~55.9 
(multiplet, 1H, methine). The mass spectrum (MS-9, inlet temper - 
ature, 100°) gave a parent peak at mass 258.1576 (calculated for 


C12H,5N,°94 pc best Poot: 


Preparation of 1-propylazo-3'-propene (46). 








A slow stream of nitrogen was bubbled through 70 ml of ethylene 
glycol for 20 minutes in a mechanically stirred flask with mild 
heating. 6.7 g(0.118 mole) of potassium hydroxide was heated to 
125° and 45 (6.7 g, 0.026 mole) added as rapidly as possible to the 
stirred solution. After the addition the solution was stirred at 
125-130° for one hour under a nitrogen atmosphere. The solution 
was colored slightly yellow. After being cooled, the mixture was 
cautiously added to 35 g each of ice and water and 2l mil of I2N 
hydrochloric acid. When acidification was compiete , the mixture 
ee warmed to about 40°. The water and ethylene glycol were 
distilled off at 1-2 torr. The solid residue obtained was dissolved 
in 70 ml of water and then extracted with ether. The evaporation 
of the ether gave 1 g of the starting material. The aqueous solution 
was basified by solid potassium hydroxide. 1-Allyl-2-(1-propyl) 
hydrazine was extracted with ether using a continuous extractor. 
The ether solution was dried over anhydrous sodium sulfate and 


used immediately for oxidation to 46), 
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The ether solution of 1-allyl-2-(l-propyl) hydrazine 
was stirred with a slurry of red mercuric oxide (10 g, 0.104 mole) 
and anhydrous sodium sulfate (20 g) for four hours. The ether was 
condensed to 3 ml through a 30 cm Vigreaux column. A gas 
chromatographic analysis showed that the condensed solution con- 
tained ca, 20% of 1-propylazo-3'-propene (46) which was separated 
by gc using a 20%, 6 ft, , 3'-oxydipropionitrile on Chromosorb P. 

The nmr spectrum (Figure 17) displayed signals at § 0.97 


(triplets.3H,, CH3-CH,-CH,-N-), Jd le 8a.sextet ..2t15 CH, -CH =GCH-N-);, 


ie 


Reemp (triplet. stl. CH, -CH,-CH -N-),, $4.40 (doublet, 2H), allyl 


ic 
methylene), ~&5.2 (multiplet, 2H, vinylidene) and ~6.2 (multiplet, 


Bbosemethinej.e. | he-uv spectrum.hassa Av ate yn eteley cares Ts ( yeres PARP Ua 


gas). The mass spectrum gave a parent peak at 112.1008 (calculated 


for CoH No , 112.1001). The following peaks were also observed: 
27, CoH,; 28, N,; CoH; 39, C2H3; ale C,H; 43, C,H; 

. » te 
69, C2HEN>; 8353 CoH, 13 Lbs CSN, paren 


(c) tert-Butylazo-3-propene (47). 
eect care ele ian at en RL 





Benzophenone hydrazone was prepared from the reaction 
of benzophenone with hydrazine hydrate with acetic acid as a catalyst 
using the method of Curtius and Rauterberg (L09)% 

Diphenyl diazomethane was prepared from the oxidation 
of benzophenone hydrazine with yellow oxide of mercury using the 


method of Organic Syntheses (110). 
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Benzophenone tert-butylhydrazone was prepared from 
the reaction of tert-butyl magnesium chloride with diphenyl diazo- 


methane using the procedure described by Smith et al.(111). 


tert-Butylhydrazine (48) was prepared from the hydro- 





lysis of benzophenone tert-butylhydrazone with concentrated hydro- 
chloric acid modifying the method of Smith et ak.(111). 

A mixture of 24.5 g (0.097 mole) of benzophenone tert- 
butylhydrazone, 35 ml of concentrated hydrochloric acid and 52 ml 


of 98% ethanol was allowed to stand at room temperature for 30 


hours. The ethanol was evaporated and to the residue were added 
ether and water. The ether layer was separated and washed with 
water two times. The evaporation of the combined aqueous layer 


gave 3.5 g of tert-butylhydrazine hydrochloride mp 193-195° (divs 
(111) 189°), The nmr spectrum in DO (Figure 18) displayed 
signals at £51.39 (singlet, tert-butyl) and §4.83 (singlet, N-H). 

The ether layer on evaporation left a mixture of benzo- 
phenone and benzophenone tert-butylhydrazone. 

The further hydrolysis of the unreacted benzophenone 
tert-butylhydrazone in the same condition gave 3.5 g of tert-butyl- 
hydrazine hydrochloride. The hydrolysis was not complete. The 
further hydrolysis at 60" gave 3.5 g of tert-butylhydrazine hydro- 


chloride. 


Preparation of dimethyl N-tert-butylbicarbamate (0). 
nr CC 
tert-Butylhydrazine hydrochloride (8.8 g, 0.0707 mole) was dissolved 


in 50 ml of water. Solid sodium hydroxide (6 g, 0.15 mole) was 
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Figure 18 
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then added tothe solution. tert-Butylhydrazine was extracted by 
ether using a continuous extractor for ten.hours. 

mneverher-solution (50 mil) Gt edeeadatpingastids was 
placed ina 300 ml Morton flask. When the stirred mixture had 
cooled to Be methyl chloroformate (13.2 g, 0.14 mole) was added 
without allowing the temperature to rise above 5°, ~=When almost 
half of the chloroformate had been added, a cold solution of sodium 
hydroxide (5.6 g, 0.14 mole) in 10 ml of water was added gradually 
along with the rest of the chloroformate at such a rate that the final 
portions of the two solution were added simultaneously. After . 
standing for fifteen minutes the ether layer was separated and the 
aqueous solution was extracted with ether. The combined ether 
layers were rapidly dried by shaking for a short time with about lg 
of sodium carbonate in two portions. On evaporation of the ether 
the crude solid product (8 g) was obtained. After a small amount 
(ca. 0.3 g) of benzene insoluble impurity was removed 50 was - 
crystallized from benzene-hexane, mp Boe ea. The yield was 6.5 g 
(45%). 

The nmr spectrum (Figure 19) displayed signals at 
é1.41 (singlet 9H, tert-butyl) 7063 269 (singlet 31 sester CH,) ; 
oop O.(sitiolet 9511 ester CH,) and § 7.40 (broad singlet, exchangable 
with D,O-NaOD, 1H, NH). The mass spectrum (MS-9, inlet temper- 
ature, 100°) gave a parent peak at mass 204.1106 (calculated for 
CoH, ,N,0 


4+ 204.1110). 


fe) 
The benzene-insoluble impurity (mp 180 ) was soluble in 
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chloroform and water. The structure was assigned to l1-tert- 
butyl-2-carbomethoxyhydrazine hydrochloride by nmr spectrum. 
The nmr spectrum (Figure 20) displayed eae at § 1.51 (singlet, 
9H, tert-butyl), {3.88 (singlet, 3H, €ster CH,) and #910.6 (broad 


singlet, exchangable with D,O vow th a FA) 


fore 3). eecdium hydrides | (23 glob 57.2% sluzry,:0.0> mole) 
was added to a mixture of 50 (6, Oto ,-0, 0294 mole) and 50 ml-ot cry. 
dimethoxyethane. The solution was maintained at room temperature 
under a blanket of nitrogen and stirring was continued for three 
hours. Allyl bromide (4 g, 0.033 mole) was then added and the 
solution stirred for an additional four hours. After standing over- 
night the reaction mixture was treated with ice and water and the 
product was extracted with benzene. The benzene solution was 
dried over anhydrous sodium sulfate and the solvent was removed on 
a rotary evaporator. 

The crude product was distilled through a Vigreaux 
column. The fraction which boiled at 90° (1.8 torr)swas collected: 
The yield was 6.0 g (84%). The nmr spectrum (Figure 21) displayed 
signals at £1.39 (singlet, 9H, tert-butyl), £3.68, 3.74 and 3.78 
(singlets, 6H, ester methyls), f4.04 (doublet, 2H, allylic methylene), 
~§5.2 (multiplet, 2H, vinylidene) and ro 20 (multiplet, LH, methine). 
The two singlets at ¢3.78 and £3.74 were found to coalesce at the 
temperature of 40 to 45° (see Figure 24). The mass spectrum 


(MS-9, inlet temperature 70°) gave a parent peak at mass 244,1418 
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(calculated for C118 9N29,: 244.1423). 


Preparation of 1-allyl-2-tert-butylhydrazine (51). 
A slow stream of nitrogen was bubbled through 60 ml of ethylene 
glycol for 20 minutes ina mechanically stirred flask with mild 
heating. Potassium hydroxide (6.07 g, 0.107 mole) and the . 
bicarbamate 49 (1.7 g, 0.0236 mole) were added, The mechanical 
stirrer was replaced with a Liebig condenser. The hydrazine 51 
was distilled under a stream of nitrogen at the bath temperature 
of 150-160° along with the methanol formed, Concentrated hydro- 
chloric acid was added to the distillate to give, upon further 
evaporation, 1.7 g of l1-allyl-2-tert-butylhydrazine hydrochloride 


mp 165-175.. The nmr spectrum in D,O (Figure 22) displayed 


Zz 
signals at 61.37 (singlet, 9H, tert-butyl), 43.64 (doublet, 2H, 

allylic methylene), § 4.74 (singlet, 4H, N-H), ~f5.5 (multiplet, 
2H, vinylidene), and ~$5.8 (multiplet, 1H, methine). The yield 


was 36%. 


Preparation of tert-butylazo-3-propene (47). 
Potassium hydroxide (3 g, 0.06 mole) was added to a solution of 
the hydrochloride of the;hydrazine 51.(1.7,g, 0.00845 amole)ain 20 
ml-of water. The hydrazine 5l.was extracted with ether and the 
ether solution dried over anhydrous sodium carbonate. The dried 
solution of the hydrazine 51 (0.00845 mole) in ether (50 ml) was 
stirred at room temperature with a slurry of red mercuric oxide 


(10 g, 0.046 mole) and anhydrous sodium sulfate (20 g). After six 
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hours the solution was filtered, concentrated to two ml by distillation 
through a Vigreaux column, and the azo compound sah was separated 
by gc using a 20%, 2 ft, dimethylsulfolane on Chromosorb P at 

room temperature. The yield was 0.8 g (75%). The nmr spectrum 
(Figure 23) displayed signals at 61.19 (singlet, 9H, tert-butyl), 
$4.34 (doublet, 2H, allylic methylene), ~55.2 (multiplet, 2H, 
vinylidene), and ~$6.2 (multiplet, 1H, methine), The uv spectrum 
Bas a Apo, at 355 nm (€= 25 in gas). The mass spectrum gave 


a parent peak at mass 126.1159 (calculated for CoH Ns Pal Ot ok) 
The following peaks were also observed: 28, Nooo Cosa 205, 
+. 1 chee a a 
Coie; 41, C,H, sew &, oes aa LO. CoH AN, eo. C7H, AN, 
parent. 
2~Methyl-2-nitrosopropane was prepared from the 


oxidation of tert-butylhydroxylamine with bromine using the method 


of Emmons (112). 


The synthesis of 3,3'-azo-1l-propene (52) was achieved 
by mercuric oxide oxidation of the corresponding hydrazine which 
was in turn obtained from the hydrolysis of diethyl N ,N'-diallyl- 
bicarbamate (40) according to the procedure of Al-Sader and 


Crawford (6). 


2,2'-Azoisobutane was prepared from the oxidation of 
tert-butyl amine with iodine pentfluoride according to the procedure 


of Stevens (113). 
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(D) Control Experiments 


(a) Mass spectrometric analysis On nitrogen and isotopic nitric oxide 
meno. 

Fhe mass spectrometric analysis of INO usedttor the 
inhibition experiments were found reproducible (entries 1-5 in 
Table XIX). The mass spectrometric analysis of a pure cceapoeren 
(entry 6) and of the nitrogen produced from methylazo-3-propene (36) 
and tert-butylazo-3-propene (47) (entries 8 and 9) was found consist- 


ent with the natural abundance of nitrogen CN! EN en an = 


BS 15 14 34 
7.4x 1073 and N “N/ NN = nil) (114). The entry 7 indicates 


no scrambling between 15NO and N, under the thermolysis conditions. 


(b) Reaction of 1-butene with nitric oxide 

The reaction of 1-butene with NO was carried out in 
order to test the inertness of the olefinic bond in the azo compounds 
at the inhibited thermolysis condition. Table XX shows that the 
olefinic bond is expected to be stable toward NO less than 130° which 
is the highest temperature of the inhibited thermolysis of the azo 


compounds studied. 


(c) Nmr analysis of the unreacted methylazo-3-propene-3 ,3-d.,, (43) 
Mixtures of 43 and 150 (ZO Vices at femoles of 43, 
101 (43) = 0.161) were thermolyzed at 126.00° for 30-130 min. 
The unreacted 43 was collected an analyzed by 100 Mcnmr, Figure 
25 shows that the signal at $4.46 for allylic protons is completely 


absent indicating no scrambling during thermolysis, less than 1%. 
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Table XIX. Mass spectrometric analyses of some control 
experiments. 

Molecule Ss os er, SAS 
1 15No 0.04 0.02 0.45 100 
2 15No0 0.13 0.01 0.45 100 
3 ENO 0.05 0.01 0.43 100 
4 L5No0 0.36 0.03 0.44 100 
5 15No 0.02 0.01 0.43 100 
6 N, 100 iarge nil nil 
7 N, from '°NO +N,* 100 0.72 0.19 nil 
8 N, from 36” 100 ae ee nil 
9 N, from 43° 100 0.71 nil nil 


ee Se 


* A mixture of N> and 15No was heated at 129. me for Ll hour, 


b 36 was heated at 129. 5° for 1 hour. 


ro 


fe) 
“43 was heated at 122.3 for 15 minutes. 


ae 
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able AX, Reaction of 1-butene (50 “moles ; 50 torr) with, NO 
(150 PSS E50.torn). 


Temperature Time N, formed 

oC hours /* mole 
PaO = bes 10 0 
140 - 145 2S 0 


PlQt 145. 10 6.4 
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Figure 25. 100 Mc nmr spectrum of methylazo-3-propene-3 ,3-d 


15 
(43) recovered after the inhibited thermolysis with NO. 
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Reo Ls. S AND DiS @'Uss SiLoin 
(A) Syntheses 


The synthesis of methylazo-3-propene (36) was achieved 
in the following manner: 


coe G FL 
nN 


F) NaH 






2) CH,=CHCH2Br 
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eee ip | 
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1) NaH 
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*f Ae 2) CH,=CHCH,Br 
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KOH , MeOH-H 0 or 
HOCH, CH,OH 
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The synthesis of diethyl N-allyl-N'-methylbicarbamate 
(37) was accomplished by introducing methyl and allyl groups step- 
wise (both by route A and B). 

Special precaution was taken to minimize the formation 
of the dialkylated compounds 40 and 41 during the synthesis of the 
monoalkylated compounds 38 and 39. <A two fold excess of diethyl 
bicarbamate was used and the crude monoalkyl compounds 38 and 
39 were subjected to a very careful fractional distillation to separate 
the pure monoalkylated compounds 38 and 39 from traces of the 
dialkylated compounds 40 and 41. The nmr spectrum Oreo (at higurc 
11) displayed signals for the ester methyl (triplet at 51.25), 
N-methyl (singlet at 53.08), allyl and methylene (overlapping 
doublet and quartet at ~S4.2), vinylidene Paras atoms. 2) and 
methine (multiplet at ~§5.9) protons with integration values of 
6:3:6:2:1. The hydrolytic decarboxylation of 37 was achieved in 
an aqueous methanol or ethylene gylcol solution, and the hydrazine 
42 was oxidized to the azo compound 36 by mercuric oxide. The 
structure of 36 was established in the following manner. J Deena: 
spectrum (Figure 12) shows signals at $3.78 (singlet, 3H, N-methyl), 
$4.46 (doublet, 2H, allylic methylene) ~§5.3 (multiplet, 2H, vinyl- 
idene) and ~§6.1 (multiplet, 1H, methine). The mass spectrum 
(MS-9, inlet temperature 25°) gave a parent peak at mass 84.0687 
(calculated for CyH,N,, 84.0688). The synthesis of methylazo-3- 
propene-3 ,3-d, (43) was accomplished in the same manner described 


for the preparation of 36 except that allyl-1l ,i-d, benzenesulfonate 
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was used instead of allyl bromide, 


CH C10 Et 
SS ee 








Be 
N 1) NaH OB ter ia 
| repre Ns 
eno WoO. OC DeeHecH | 
aie G0 Et ae - r N 
CH =sCHCDS ~CO.Et 
a9 ; : 44 
1) KOH, 
HOCH, CH, OH 
2) HgO 


VN NO 
D, Ss 


43 
The nmr spectrum (Figure 14) for 44 displayed signals at $1.27 | 
(triplet, 6H, ester methyl), § 3.11 (singlet, 3H, N-methyl), 4.2 
(quartet, 4H, methylene), ~Jf5.2 (multiplet, 2H, vinylidene) and 
poo. (multiplet; 1H, methine). The nmr spectrum of compound 
43 is shown in Figure 15, The allylic proton signal at d 4.46 found 
in 36 is completely absent. Mass spectral analysis (MS-9, inlet 
temperature 2p showed a molecular ion which has a mass of 86.0816 
(calculated for C4H,N,D> yao .Ued 3). 

The synthesis of 1-propylazo-3'-propene (46) was 
achieved by the mercuric oxide oxidation of the corresponding 
hydrazine which was in turn obtained from the hydrolysis of 45 with 
an ethylene glycol solution of potassium hydroxide. The compound 


45 was obtained by the reaction of n-propyl iodide with the bicarbam- 


ate 38. 
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The structure of 46 was confirmed by nmr and mass spectral 
analysis. The nmr spectrum (Figure 17) displayed a triplet at 


eos Tf (CH,CH,CH,-N-), sextet at $1.82 (CH CH,CH,-N-), a 


= 
triplet at J 3.76 STE Oise ae Ns , a doublet at ¢4.40 (allyl 
protons), a multiplet at ~S5.2 (vinylidene) and a multiplet at ~f6.0 
(methine) in the ratio of 3:2:2:2:2:1. The mass spectrum gave 
a parent peak at a mass of 112.1008 (calculated for CoH 2N> : 

Piz LOOL). 


The synthesis of tert-butylazo-3-propene (47) was 


accomplished in the following manner: 


smazaen gibehbilkoi 
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HgO 
poria)| C. Cameras Neti. ese (CHE -N-NH — 
data aay) (CH, ), C=N-NH, (C,H,),CN, 
(CH), CMgCl 
lLPecone “HC C7H 
——N-Nit, eee OF CeN 
| 2) aq. KOH Chtegt. SA 
_ | 
H 
48 
O 
\| 
G 
ESA | 
Git On sien CHEOuG 
C1CO3CH, : | 1) NaH Ne 
SHO N | 
3 
NCH TSR 2 eee wy N 
| Gr Ore 
O 
49 
50 
H 
‘ ‘ 
KOH 
Hgo ZN/ \ 
—-n-n—“SS8 x} HOCH, CH, OH 
AT H 
5] 


tert-Butylhydrazine (48) was prepared according to the method of 
Smith et al.(111). The hydrazine 48 was converted to the dicarbo- 
methoxy derivative 50 which was allylated to give the bicarbamate 
49. The nmr spectrum of 50 (Figure 19) displayed signals at §1.41 
(singlet; 9H, tert-butyl) , 63.69 (singlet, 3H, ester methyl), £3.76 


(singlet , 3H, ester methyl) and § 7.40 (broad singlet, exchangable 
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with D,O-NaOD ,» 1H, N-H). Upon introducing the allyl group into 
30, the singlet peak at £3.76 was split into two singlets at ¢ 3.74 
and ¢ 3.78 as is shown in the nmr spectrum of 49 (Figure 21). 

The nmr spectrum shows signals corresponding to tert-butyl (singlet 
at. J 1,39), ester methyl (three singlets at «3.68, £3.74 and 
S3.78), allyl (doublet at f 4.04), vinylidene (multiplet at +45.0) 

and methine (multiplet at ~§5.6) protons with integration values 

ee 0 2.2.1, Pagure 24 shows thatthe two singlets at f 3.74 

and. o. fo -coalesce at the temperature of 40-45°, This behavior can 
be ascribed to the restricted rotation about the amide bond (117) 
which gives two geometrical isomers 53 and 54 at room temperature. 


fo) 
With rapid isomerization at 40-45 the signals merge into a single 


peak. 
may 
Ka N <<. __> ONS CT ee em 
O a ee CO,Me ee \co,Me 
we A 
| 53a 53b 
At ee SS x A 
0 ere 0 See Me pee. OH, Me 
See r IN 
Me O Me O 
54a 54b 


The structure of 47 was established from its nmr and mass spectra. 


The nmr spectrum shows signals at §1.19 (singlet, 9H, tert-butyl), 
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$4.34 (doublet, 2H, allyl), ~f4.9 (multiplet, 2H, vinylidene) and ~§5.6 
(multiplet, 1H, methine). In the mass spectrum the molecular ion 
has a mass of 126.1159 (calculated for C7H, AN, > 26 1157 Ve 

Analysis of azo compounds by gc showed that all the 


aZO compounds prepared were completely free from impurities, i.e. 


greater than 99.9%. 


(B) Products of the Non-inhibited Thermolysis of Methylazo-3- 


propene (36) and tert-Butylazo-3-propene (47). 


After heating a sample of methylazo-3-propene (36) in a 
break-seal, at ca. Sfterr and 131 6° the products were identified 
by their gas chromatographic retention times and their mass spectro- 
metric cracking patterns, 


at 30% completion 


= is a 
CH,-N-N-CH, -CH=CH, CH, (36.0%) 


se Ce =-CHCH,CH, (333%) 


2 
ar CH, -CHCH CH CH-CH, (18.7%) 
+ CH N-NCH, (4.6%) 
la CH,CH, (0.7%) 
+ CH, CH=CH, (0.7%) 
oF CH3(CH,),CH, (0.4%) 
The results at varying percentage completion are given in 
Table XXI and plotted in Figure 26. The results of the mass spectro- 
metric studies are shown in Table XXII. The fourth largest peak in 


the gc was not readily identified and so a sample was collected and 


its exact mass measured as 58.0530, corresponding to CjHN, 
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Figure 26. Product composition from the thermolysis of methyl- 
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az20-3-propene (36), 57 torr at-131.6.., 
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(calculated 58.0531). The retention time proved to be identical 
to that of an independently obtained sample of azomethane. 
The mole percent of methyl radicals and allyl radicals 


recovered are calculated according to the equations: 


% methyl radicals recovered = % methane + % 1-butene 


+2(% n-pentane +% azomethane + %ethane) 


% allyl radicals recovered = %1-butene+% propene + % n-pentane 


+2(% 1 ,5-hexadiene) 


There were numerous small fractions corresponding to 
Cg-Ci9 hydrocarbons, observed by gc, which were too small to be 
properly identified. 

The first step in the thermolysis is reaction 6 as will be 


discussed later, 


N N 
ve Za 
on EN On oe a CH, NG chose st [6] 
55 


Thermochemical arguments (3, 28) have been advanced to show that 
the radical 55 is highly unstable and will rapidly, if not instantane- 
ously , fragment according to 
UN EN se ee ee [7] 
CH, N 3 2 fi 
Since the allyl radicals produced only small amounts of propene by 


hydrogen abstraction in the thermolysis of 36 and also 3 ,3'-azo-1- 


propene (6) reaction 8 and 9 are not important, 
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oes, +  36-—-——> 


a ae sn (sl 


S 


HESS + 36 ———_> N aes 
> 36 3) 


while the methyl radicals are capable of abstracting the hydrogens 


from the carbon atoms adjacent to the nitrogen-nitrogen double 


bond (reaction 10 and 11) to give methane. 


GH ne ete ——— Ott aE N d 
: ae 4 Gus. SSF fd 


3 
56 
CH - 36 —— > cH +, N 
3 oe 4 Cras ee fig 
57 
vw 


Such reactions are believed to be the principal type of chain process 
responsible for the induced decomposition observed in the thermoly- 
sis of azomethane (11), azoethane (14), azo-bis-l-propane (15) and 
azo-bis-2-propane (15). 

The methyl radicals can also add to the nitrogen- 


nitrogen and carbon-carbon double bond to give radicals 58 and 59. 


ere 6 N 
3 = cue SOSA. J 


58 
N 
Chas Sep NAH. 
Ce tie 6 Cpeieetaean tee O3 
CH 
3 
59 


That reaction 14 can be neglected has been demonstrated by the 


statistical distribution of deuterium in the products of thermolysis 
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of 3 (2 sazor ie puopene, 3), 3-d> ys 


Se ara cu NAW mene Oe [4] 
»~)AA 
Since the rate of thermolysis of 36 was followed by the 

rate of formation of nitrogen, reaction 10-13 will affect the ate 
only if the ultimate fate of the radicals 5be- 59 is the formation of 
nitrogen. The ratio of the non-inhibited rate constant to the 
inhibited rate constant is ca. 1.6 (see the kinetic section) suggesting 
that about 38% of nitrogen produced comes from the radicals 56 - 
59. The most probable reactions which produce nitrogen and which 
are part of radical chains and increase the rate of thermolysis of 


36 are reaction 15-19, 





on NY ee or eta Nias :CH-CH-CH, [15] 
oa Sy SO Te GE ER ee eS Li] 
Gn NY —_— CH,=N, + the OS 7] 
CH,=N, GH, "achsNe 18] 


N 
SS ee 
cus Sees SWS CH. SNe tea [19] 
Reactions 20 and 21 do not produce nitrogen, since vinyldiazomethane 


isomerizes to 2-pyrazoline (118) via reaction 22 and azomethane is 


stable under the thermolysis conditions (11). 


< 
cH; Sere 4 Sates CH, + CH,=CH-CH=N, [20] 
Cries SOG aaa CH,-N=N-CH, + 7s [zi] 
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CH3 
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CH,=CH-CH=N, 9 ——___=> et [22] 
_N 


H 
No 2-pyrazoline and only 5% of azomethane were produced, hence 
reactions 20 and 21 which lead to nitrogen-containing products are 
relatively unimportant. 
Reactions 23 - 25 deal with the combination of methyl 


and allyl radicals which produced ethane, 1-butene and 1 ,5-hexadiene. 





CH: + 
: CH, = CH, CH, [23 
Cir ae ae A ae ee ee [24 


3 


. [29] 


n-Pentane may be produced by the following reactions. 


SR No 26) 


OL ls ae cu Sn [27] 

A mixture of 9 torr of 36 and 46 torr of xenon was 
decomposed at 131 6° to examine the effects of the initial pressure 
of 36 on the product composition. The results at varying percentage 
eqmpletion are given inel ables® Xlisand plottedtn Figure 27.4 “the 
product composition was found to be almost the same as that at the 
higher initial pressure, 

Product studies of the gas phase thermolysis of tert- 
butylazo-3-propene (47) were carried out at i238 Pore Delon 15 
minutes and 1320 minutes was used for the infinity samples, The 


initial pressure of 47 was 46 torr’ (11.87 pmoles of 47 in-a 4,5 ml 
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Figure 27. Product composition from the thermolysis of methyl- 
azo-3-propene (36), torr in the presence of xenon, 46 torr at 


WT, 6°. 
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break-seal). The thermolysis products were identified by their 
gas chromatographic retention times and their mass spectrometric 


cracking patterns. 


40% completion 
Oe! C-N=N-CH CH= 
( 3)3 >CH CH, = (CH,),CCH 





> CH=CH, (43.8%) 


+ (CH,),CH (31.1%) 


3 
+ = = 
CH, Ie aha! CH, (20.0%) 


cts (CH) C=CH, (9.5%) 


ts 
+(CH,),CC(CH,), (2.7%) 
The results at varying percentage completion are given 
in Table XXIV and plotted in Figure 28. The results of the mass 
spectrometric analysis are shown in Table XXV. 
The mole percent of allyl and tert-butyl radicals 
recovered are calculated according to the equations: 
% allyl radicals = %4,4-methyl-l-pentene + 2(% 1 ,5-hexadiene) 
recovered 
% tert-butyl radicals = % isobutane + % isobutene + % 4,4-dimethyl- 
recovered 
l-pentene + 2(% 2,2,3 ,3-tetramethylbutane) 
The following reactions 28 - 35 are probably the most important 


ones which account for the products of the thermolysis of tert-butyl- 


3-propene (47). 


aN, : —|—N= N. ee eN [28] 
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Figure 28. Product composition from the thermolysis of tert- 


butylazo-3-propene (47), 46torr at 122,3.- 
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Aas WAV, eres —. +N, +:CH-CH=CH, BJ 
id) on = > +—-H Ey 
——e 4, —_—+ -—|—_|- (34 
4 


+ 


Beenie oe [34] 


No 2,2'-azoisobutane was detected in the thermolysis suggesting 
that the bulky tert-butyl radicals are not as facile at adding to the 


azo nitrogens as are the methyl radicals. 


= +12 ae Vere = Sa Nie 2a [i 


Since the rate of thermolysis of azo-bis-tert-butane was unaffected 
by the presence of isobutane (17) and the rate of the photolysis of 
di-tert-butyl ketone was unaffected by the presence of nitric oxide 
(119), the following hydrogen abstraction reaction by tert-butyl 


radicals seems to be of little importance. 


gach ad eseete +H ae N 34. 
as! 47 sy VANS fue Es! 
CH, 
The fact that the amount of isobutane is eight times that of iso- 
butene may arise from the abstraction of allylic hydrogens by tert- 


butyl radicals (reaction 30) or by process wherein isobutane is 


fomred at the expense of isobutene e.g. reaction 38 (17). 
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CH 
a 
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Grice 
If reaction 38 is not important, then ratio of the rate 
constant for the disproportionation reaction (reaction 27) and the 
combination reaction (reaction 28) 5 kK i k5 8 » can be calculated 
according to the following equation, 


ko yield of isobutene 1 


ee Ss — 


k5 9 ~ yield of 2,2 ,3,3-tetramethylbutane 2 








The values obtained are 5 at low conversion and 3 at high conversion, 
which compare favorably with the value of 4.6 obtained from the 
photolysis of di-tert-butyl ketone (119) and in the mercury photo- 


sensitized hydrogenation of isobutene (120). 
(C) Kinetics of the Non-inhibited Reactions 
pipetics or the Non-innibiled heactions 


The rate of the non-inhibited thermolysis of methylazo- 
3-propene (36) was obtained by following the increase of pressure 
with time during the thermolysis or by measuring the amounts of 
nitrogen produced. 

The pressure change was measured by use of the null- 
point reactor described in the thesis of A. Mishra (116). A sample 
of 50 Pe was injected into the stainless steel reactor by means of a 

Hamilton syringe having a6in. needle. The amount of sample 
corresponded to an initial pressure of 90 torr. The thermolysis 
was carried out to greater than nine half-lives at which stage the 


pressure inside the reactor had doubled to 180 torr. The rate 
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constant was evaluated from the slope of plots of Yee US Sieg 
versus time. The linearity of the plots displays good first order 
behavior (Figure 29) in spite of the radical chain induced decompos - 
ition discussed in the previous section. The kinetic studies were 
carried out at four different temperatures. 

The effect of temperature on the rate constant is given 


by the Arrhenius equation 1, 


pipcAeeal Rt (1) 


where E, is the activation energy and A is the frequency factor. 


meuowon-! canealso be expressed in the logarithmic form 2. 


lod cee log Aes ae (+) (2) 
303'R a 


Thus, plotting log k versus 1/T gives - E,/2.303R"as the slope, 
ffom which the activation energy can be obtained. . The intercept is 
log A. Both parameters were determined by the least squares 
method. 
For a gas phase reaction 

Apa RE. 2 oR (3) 
where DH? is the enthalpy of activation and nis the order of the 
reaction. For a first-order reaction; equation 3. becomes 

Aviom cE $8 Rar (4) 
From the transition state theory 

pai te ay el detwe ast/R 
cecasme ce: > Sue: sce 
h 


(5) 


where k' and h are Boltzmann and Plank's constants respectively, 
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igure 29., 


Plot of log (Eg - E.) versus time for the thermolysis 
of methylazo-3-propene (36) at 182.8°. 


* E=emp in millivolts as obtained from the strip chart recorder. 
The emp is proportional to the pressure on the transducer and 
is linearly related to the internal pressure in the reactor. 
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and OH* and QS+ are the enthalpy and entropy of activation 





respectively. Combining equations 1, 4 and 5 gives an expression 
for Ast 2 
+ Ah 
OS ="R in ————— (6} 
kV Be 
AS* = 2,303 log + log A (7) 
Kee 


Equation 7 was used to calculate the entropy of activation at 12000, 
The rate constants and the activation parameters are given in Table 
XXVI. 

The rate constant for the non-inhibited thermolysis of 
methylazo-3-propene (36) was also evaluated from the amounts of 
nitrogen produced. After heating a sample of 36 in a break-seal, 
aieeam ot tory and 13] 46°, the nitrogen produced was collected 
and measured in the gas buret. The results at varying reaction 
times are given in Table XXVII. Rate constants were evaluated 
from the following equation and are listed in the final column of the 
table. Only a preliminary evaluation of the rate constant was made 

-2,303 


_ 2 log (1 -- N, /[36]°) 
60 x t (min) 





as a detailed study was not necessary. The average rate constant 
obtained by measuring the rate of the nitrogen production is 1.81 x 
lo Det and may be compared with that obtained by extrapolation 
from the pressure increase data, fa Ne Mees tone sec. at ino The 


rate measurement for the thermolysis of 36 was also carried out in 


the presence of xenon at 131. 6° (Table XXVIII). The rate constant 


Penang: ushers sia araraeesen jar. ee bei é ya 
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; -5 ~ ; 
obtained, 1.48 x 10 sec ss is slightly lower than that at the 


higher initial pressure of 36. 

The rate constant for the non-inhibited thermolysis of 
tert-butylazo-3-propene (47) was obtained from the data produced 
by measuring the rate of nitrogen production. The rate constant 
at an initial pressure of 46 torr (11.87 jemoles Chad near iat 


eet 
Dreak-¢eal)‘at 122.3 ig 2-78-10. sec (Table XXIX), 
(D) Inhibition by Nitric Oxide 


Evidence was presented in the previous section that 
shows that there is a chain in the thermolysis of methylazo-3-pro- 
pene (36) and tert-butylazo-3-propene (47). Since nitric oxide (NO) 
was found to be a better inhibitor in the azomethane thermolysis 
than olefins (11), ae oxide was chosen as the inhibitor in the 
thermolysis of the azo compounds prepared in Section A. 

Although an authoritative text states that reactions 
between nitric oxide and the normal ethylenic bond do not occur 
(121) Brown has reported that the reaction of nitric oxide with 
isobutene occurs readily in the presence of traces of nitrogen 
dioxide (NO,) such as are usually present in samples of nitric oxide 
(63). As a control experiment the reaction of 1-butene with nitric 
oxide was carried out in order to test the inertness of olefinic bond 
in the azo compound (Table XX, p. 94). The olefinic bond in the 
azo compound is thus assumed to be stable toward nitric oxide at 


9) 
temperatures lower than 130 . 
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In a set of experiments designed to test the efficiency 
of nitric oxide as a radical trap a number of mixtures of methylazo- 
3-propene (36) and nitric oxide were prepared in such a manner 


that the pressure of 36 was constant at 60 torr, but the ratio of 


nitric oxide to 36 was varied from 0.0 to 1.04. The mixtures were 
then heated to 125.9° for exactly 100 minutes. At a nitric oxide 


to azo ratio of 0.06 or greater less than 0.5% (based on nitrogen 
produced) of hydrocarbon products could be detected, see Figure 30. 
The amount of nitrogen formed was at a minimum over the range 
0706to 0.22. The recovered 36 was measured by gc. Table XXX 
indicates a satisfactory material balance. 

The observed inhibition with nitric oxide is consistent 
with the interpretation given in the previous section. A reduction 
in rate implies the removal of radicals 56, 57 and 58, or of their 
precursor, the methyl radicals. Since the bulk of hydrocarbons 
must be due to subsequent reactions of the methyl radicals, the 
drastic reduction by nitric oxide of the yield of hydrocarbons 
indicates the removal of the methyl radicals rather than removal 
of the radicals 56, 57 and 58. Absence of the hydrocarbons suggests 
that the methyl and allyl radicals are removed by the process, 

CH geist NO gee eg ah, NO [39] 


3 


CH =CH-CH,  +giNOBp S5eq CH, =CH-CH,NO [40] 


although it is generally appreciated that nitrosoalkanes react further 


in a variety of processes (see historical section p. 26). 


wii s 


i tosibn« » a8 Shine Sista ie 


mets ¥ igvomoy ata eetasiba 
82 ban fz Sh pise ns orl 


| Bene0 Tq of (¢ bevodees ore eleraihas ytie bac . f 






















wan to Soe & OE 


: <a . 
into low (86) enegotg-8s 


id) 


of to etdeeet@ Sea Jam 


7 
a h 
Vk o a o7 “bixoa a { 


7 


‘Si.ot betsed mem 
sos elec ~ 

O10 lo OfST-ORS 
{ stodtmSethya Io (beoubOi 


rita 3p trinoms sat, 
_ — a 
riC 1 ocl'¥ .S5 .0 G9 a0,6 
| ee: 
(iGineitist @ 65789 inee 

xe oR 

reeda ad! 

| Garr 


pO.Ts apg silt at 


ore ? Sit et fart 9fé7 ak 


hes Lwelaory eal , Toate 


a 


SnsepradéR oF ub ott Jaa 


ivJis yd noitouber aites: xb) 


l2ef 


0.07 


0 ez, 0.4 0.6 Ons 1.0 
PNOT?Y (364° 


Figure 30, Inhibited thermolysis of methylazo-3-propene (36) with 
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Since both 36 and nitric oxide contain nitrogen, and the 
rate of the inhibited thermolysis with nitric oxide is measured by 
the rate of formation of nitrogen, the accelerating effect of nitric 
oxide i.e. the rate increase at high nitric oxide pressure, indicated 
in Table XXX, could be due to the production of nitrogen either from 
36 or from the nitric oxide. Experiments with the isotopic nitric 
oxide ( NO , isotopic purity 99.6%) permit a distinction between 
the two possible sources of nitrogen. An initial pressure of 58 torr 
a o6{ca. 30 jermoles in a 16 ml break-seal) was kept constant and 
the ratio of isotopic nitric oxide to 36 was varied from 0.047 to 
0.915. The nitrogen produced was first measured volumetrically 
and then an aliquot analyzed by mass spectrometry. Table XXXI 
shows the results obtained by placing each tube in a bath at 126.35° 
foreexactly-90 ee The single-point rate constant based on 


tot 


total nitrogen produced is indicated as k) Using mass 28, 


14 ie 
corresponding to aN N as the parent peak (1.00) the relative 


1515 
values for peaks at mass 29 (oonon) and 30( N N) are listed in 


15 
Table XXXI,.. ‘Ehere is in fact formation of molecules n!4n and 


Ps 1 
N N, indicating that part of the nitrogen is formed from Loos 


A control experiment excludes the following isotopic exchange 
reaction at the temperature of the experiment (Table XIX, p. 93). 


bas A i de NaN Oe ae LON + 4nD [41] 


COC 


The values of ki in the penultimate column of Table XXXI were 


4. 14 
calculated on the assumption that no N N was lost by an exchange 


reaction. The natural abundance of 1Syl4n in ordinary nitrogen 
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is 0.738 mole% (114), thus the contribution from this source is 
0.00738 P59 and the fraction of nitrogen*, of natural isotopic 


ie 36 
composition , from 36, fx. , is then : 








38 i 1003.7) 025 Py 9/P39 
N 
2 i, 000. Po9/Po9 + P39/Po9 
tot 


The first order rate constants k and k -->* were 


calculated according to the following equation: 





tot 
tata b = Caen) O N > 
k Sie wee look Le x 
: 90 x 60 ie 
and 
36 
ee. -2.303 f [tet] 
a SCE tg Tn eeewy OG Care LT: N, C 
90 x 60 mah ee ane 
[36] 
Colt ae: : 
The values of the rate constant ky given in the 
penultimate column of Table XXXI are reproducible. A plot of 
ee versus nitric oxide pressure, Figure 31, shows a rough 
correlation (r = 0.901). Extrapolation to zero nitric oxide pressure 
gives a rate constant of 7.99 x na pees which compares favourably 


6 -l 


with the average value of ky : of 8613 x 10@¥sec. is We may 
conclude that if the nitric oxide does induce the thermolysis of 36 it 
is not significantly detected, and that the products of thermolysis 
36 in the presence of nitric oxide provoke a small conversion of 


nitric oxide to nitrogen. 





* The fraction of peak 28 (or 29) derived from the 0.4% mole% 140 
is 0.004 Bo/ Pog and is not significant. 
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0 Ore 0.4 OTo Gingtes 1.0 
E5noJ°y [36]° 


| Re o) fe) 
Ergures31~ Pict of 10° ioe versus [ NO] / [36] showing best 


line from least square data. 
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Since two radicals (methyl and allyl radical) are formed 
per nitrogen molecule produced, a complete removal of the radicals 
by nitric oxide according to reaction 39 and 40 should lead to the 
consumption of two molecules of NO per nitrogen produced. The 
amount of | NO frozen in the solid nitrogen trap was measured and 
the quantity of 10 consumed was calculated by subtracting the 
recovered amount from the quantity orignally placed in the tube. 


The results expressed as the number of moles of NO consumed per 


mole of nitrogen produced from 36 ( nN, Ne ) are listed in the final 
ecrmmm ol lable XXXIils= The ratiostar ein theirange ofsly8i-GBt0, 

except at the low pressure of LaNOF and rise gradually with increas- 
ing No pressure, These results are similar to those obtained by 


Forst and Rice (11) in the thermolysis of azomethane at 303 “ef “The 
ratios less than two in the lower 1oN0 pressures require an inhibitor 
other than NOs Nitrosoalkanes are known to act as inhibitors, 
although less efficient than nitric oxide (69), since the nitroso 


compounds formed according to reactions 34 and 35 are capable of 


trapping radicals, 


R-NO a Cups R-N-OCH, [42] 
REN 2 OCH a Ch ea 
3 2 SS NeOcH, [43] 
CcHy” 


ResmCHs> 3 CH, -CH=CH, 
a 
The values larger than two at the high 1°NO pressures coincide with 


Me. 
the formation of nitrogen from NO as previously discussed. 
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The formation of nitrogen from nitric oxide has been 
postulated by several workers as due to a reaction with nitroso- 
alkanes (11, 63-65). 

Although previous investigators (9b, 11, 16) agree that 
packing has little influence on the thermolysis of azoalkanes, an 


inhibited thermolysis was carried out in a break-seal packed with 


glass beads to check upon the surface effects. The surface to 
volume ratio was varied over the range of 3.5 to 16.6 cm! and 
the thermolysis was carried out at 126.00° for 60 minutes. Table 


XXXII shows no dependance of ae and ake upon the surface to 
volume ratio. 

Table XXXIII lists single point rate constants for 
various mixtures of nitric oxide, 36 and xenon over a range of 
initial pressures. The nitric oxide and 36 pressures were kept 
constant at 58 torr (NO/36 = 0.211) and the total pressure was 
Varied over the range of 58to 135 torr by adding xenon. - Hach 
sample was then thermolyzed at 129.29° for 60 minutes. No 
dependence upon the initial pressure was noted, indicating 58 torr is 
above the pressure-sensitive region of the unimolecular decomposition 
of 36. 

The detailed rate studies of the thermolysis of 36 were 
carried out at the optimum NO: 36 ratio of 0.15 to 0.20. Under 
these conditions the value of Ny can be used directly to calculate 
the rates with very little loss of precision and all of the chain 


induced component of the reaction will be inhibited, Mixtures of 
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Table XXXIII. Rate constants for the inhibited thermolysis of 


Oo 
methylazo-3-propene (36) at various total pressures at 129.29 . 
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36 (30 - 40 jemoles , ca. 40 torr) and Pieri oxttie (6-8 femoles ; 
6-8 torr) were allowed to react to 6% conversion. Rate constants 
were evaluated from the slopes of the plots of - log (1 - N,/ [36] °) 
versus time (Table XXXIV). The linearity of the plots displays 
cod first-order behavior (Pigure 32),* Kinetic studies were 
carried out at five different temperatures. Equations 2 and 7 were 
used to calculate the activation parameters, Eo? log A and Meet, 
The rate constants and the activation parameters are given in 
Table XXXV. 

Kinetic studies of the inhibited thermolysis of 1-propyl- 
azo-3'-propene (46) with nitric oxide were carried out in the same 
manner as those of methylazo-3-propene (36) (Table XXXVI). The 
rate constants and the activation parameters are given in Table 
XXXVI. Some of the runs were carried out using the isotopic 
nitric oxide TOW The results of the mass spectrometric analysis 
of the nitrogen formed are shown in Table XXXVIII. 

The gas phase thermolysis and nitric oxide inhibited 
thermolysis of 3 ,3'-azo-1-propene (52) were examined at 100. Tee 
As is shown in Table XXXIX, rates are the same whether nitric 
oxide was added or not. 

tert-Butylazo-3-propene (47) was allowed to react in the 
presence of isotopic nitric oxide, NO. The products consisted of 
ere and isobutene. The fraction of nitrogen produced from 


the azo compound was calculated in the same manner as for 20. 


47 
The plots of - log(1 - fx. see ah [47] °) versus time, see 
Z 
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Figure 32. Plot of - log (1 - N, / [36] ©) versus time for the 


inhibited thermolysis of methylazo-3-propene (36) at 1295525. 
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Table XXXIX. Rate constants for the thermolysis of 3 ,3'-azo-1- 


oO 
preapene (52) at-100. 73. 

















[No] °/ eas Rate constant 
10° ky (sec~+) 
O65 4,06 
0 a Oa 
0 Saks (extrapolated)* 
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Figure 33. Plot of - log (1 - f [ nt°t] / [47] °) versus time 


for the inhibited thermolysis of tert-butylazo-3-propene (47) at 


90.90°. 
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Figure 33, gave good straight lines. The results of the product 
analysis are shown in Table XL and the rate constants and 
activation parameters in Table XLI. 
Because of the isobutene and large amounts of oN °N 
found as products from the isotopic ‘eNO reaction with 47 a sample of the 
known 2-methyl-2-nitrosopropane was nares to react with NO 
and the nitrogen produced was submitted to mass spectrometric 
analysis, The results in Table XLII indicate that the peak of mass 


29 is largest suggesting that one of the nitrogens in the N, produced is 


Z 
from 2-methyl-2-nitrosopropane and the second from the nitric oxide. 
The formation of isobutene was observed in the photolysis of di- 


tert-butyl ketone in the presence of nitric oxide and proposed to be 


consistent with the following sequence of reactions (119). 
hy 3 
=e aoe eae chin) 3 C se MHS! [44] 
| 
O 


(GHe) Gig 7 NG === ——No [45] 


—{— no => = + HNO [46] 
(Ae a NGI > +HNO [47] 


HNO —————-> products not identified [48] 
generally (H, Ota 70) 


Levy and Copeland {17) reported that the thermolysis of 
2,2'~azoisobutane in the presence of nitric oxide gave not only iso- 
butene but also 2-methyl-2-nitrosopropane and proposed the following 


mechanism, although they did not detect nitrous oxide N,O. 
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{| =~ —{— Saiecem a Ae) ee [49] 
(CH,)3C- ate NO ———> a + HNO [47] 


ASIN (iy peg ee et N,O + H,O [50] 
The predominant formation of 14N15N in reaction of nitroso-tert- 


15 
butane with NO is not compatible with the afore-mentioned 


mechanism which should produce SEI se DULELOL Aa ON ihe 


formation of lee ON requires a step where the nitrogen in nitroso- 


tert-butane and the nitrogen in nitric oxide form a bond. The 





following mechanism is consistent with the observed fate of the 


15 
nitroso compound in thespresence of NO. 


| O 
Ned § 
SSS Seo Nowe |i 15N 
; I| 

. (51) 

ree | dud 16 ir ore 5 Ears 

S. MAN) N= N= NO. NO 


Z 
The formation of !4n!4N and !°N!°N in minor amounts is possibly 


due to the exchange reaction between the nitroso compound and 


nitric.oxide (53). 


15 14 
| TAS oS tL Sr eee nee oo NO + NO [52] 
—15x0 + 2 eNO =e 1Sy 1 ny [53] 
14.14 
—|—4no Neo ca ey eee se Se. N [54] 
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The production of 14 15x and the consumption of 15NO 


are larger in the thermolysis of tert-butylazo-3-propene (47) than 
methylazo-3-propene (36) and 1-propylazo-3'-propene (46). The 
nitrosomethane and 1-nitrosopropane formed in the thermolysis of 
36 and 46 are possibly removed by the isomerization to the corres- 
ponding oximes (reactions 55 and 56), which is in competition with 
reactions 57 and 58, while removal of the nitroso compound by 


ONG a eee et NOH [55] 


GH, CH{CH,NO = CH, CH} CH=NOH [56] 


2, Nee 
CH,NO + 2!5No—>cH,!4n=!5N-ono,—="4nN 657 


CH,CH,CH,NO + 2 NO CH, CH, CH, '4N=!°N-ONO 


=) Z 2 


| 9 


141 5N 


isomerization of the oxime is not possible for nitroso-tert-butane 


14,15 





which predominantly produces N and isobutene by reaction 5l. 
The kinetic parameters and the rate constants obtained 

for methylazo-3-propene (36), 1-propylazo-3'-propene (46), 3 ,3'- 

azo-l-propene (52) and tert-butylazo-3-propene (47) are listed in 

Table XLIII. It is interesting to compare the ratios of the non- 

inhibitied rate constant to the inhibited rate constant for 36, 47 and 

52. Forst and Rice (11) defined "chain length'' as a non-inhibited 

rate constant divided by an inhibited rate constant. The chain length 

for 36, 47 and 52 at 22a. Sve 156ml. @and LiOirespectively.) jihese 


values correspond to the capability of the methyl, tert-butyl and allyl 


radicals to propagate chains. . The value obtained for 36 and 47 are 
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consistent with the chain propagating processes discussed in the 
previous section and may be compared with the values of 1.77 - 3.35 
and 1.2 obtained by Rice and coworkers in the thermolysis of azo- 
methane and azom ethane -d¢ (11, 12). The chain length of 1.0 for 
52 is consistent with the observation that only a very small amount 
of propene was produced in the thermolysis of 36 and 52. 

The logarithms of the relative rate constants based on 
9) carga 052s kK / Ke are calculated and listed in the final column of 
Table XLII Serie a choice between Scheme A (concerted cleavage 
of both carbon-nitrogen bonds) and Scheme B (two step process) 
according to the criteria proposed in the chapter titled research 
objectives. Figure 34 shows that for all the unsymmetrical azo 
compounds studied, 36, 46 and 47, log kK / Keo falls in the dotted 
region where the mechanism is best represented by Scheme B. 

aie ky / 7 increases as the group R, is bulkier and 
may be regarded as steric in origin. As indicated in the historical 
section, steric effects are generally encountered in the thermolysis 
of azo compounds. | 

The question may well be asked ''What of 52, is the 
symmetrical compound not proceeding via the same mechanism ?"! 
Comparison of 46 and 52 at 122.3. demonstrates that the latter is 
only 2.96 times faster. Because 52 has twice as many allyl groups 
we must apply a simple statistical correction and the difference is 


CH No .CH CH 
Gre eachise Se 0 esi cas Relatiecrate 


46 = 1.00 


r~—_ 
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Figure 34. Choice between Scheme A and Scheme B 
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pS! Nw re tal Relative rate 
Cue SCH; * Sno oNcne es 


= 2.96 
52 

now a factor of 1.48. It is reasonable to assume that the steric 
factors associated with the n-propyl and allyl groups are similar, 
but not identical, and in view of the subtlety of rate and steric 
factors (see Table VIII, p. 20) we may conclude that both compounds 
are proceeding via the same sequential mechanism. Because of the 
rather good Polanyi plot observed by Al-Sader (6) it also implies 
that all gas-phase azo compounds thermolyze via the two-step 


sequential mechanism. 
(E) Allylic Resonance Energy 


It is of particular interest to compare the activation 
energy obtained for 36, 46 and 52 (35.5 - 36.1 kcal mole7+) with 
that of azoethane (48.5 kcal morte The decrease in activation 
energy, 12.4 - 13.0 kcal role™: , may be attributed toa contribution 
from the allylic resonance energy to the rate-determining transition 
state. This is comparable to the value generally accepted (~12 
kcal clemaye Since the full significance of the allylic resonance 
energy is manifested, the transition state is thus like the initial 


cleavage products. 
(F) Secondary Deuterium Kinetic Isotope Effects 


A further test of Scheme B, as outlined for 36 is readily 


apparent from the work of Al-Sader and Crawford (6). 
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CH; N CH == CH, -N-N-) = ow 
36 
CH. -N=N. ————> ese 
3 N=N CH, ML 


They observed that if Scheme A is operative the value of igen: is 
60 cal mole7! , but if Scheme B is operating then ee is 120 cal 
Pate. . The latter result is far more acceptable when compared 
with established values of BOG = it was pointed out that the allyl 
radical may not be fully formed in the rate determining transition 
state (6). Examination of methylazo-3-propene-3,3-4, (43) would 
give a more valid assessment of $4 ee for the allyl-d, radical. 

The nitric oxide inhibited thermolysis of 36 and methyl- 
azo-3-propene-3 ,3-d, (43) was examined at 126800) using NO. 
The amount of nitrogen formed was measured volumetrically and 
then analyzed by mass spectrometry. The fraction of nitrogen 
coming from 36 and 43 was then calculated and plotted in the usual 
manner (Table XLIV). Figure 35 shows plots for both the 
corrected and uncorrected data and the rate constants are listed in 
Table XLIV. 

The unreacted 43 was recovered and analyzed by 100 Mc 
nmr. | Figure 25 (p. 95 ) shows that the allylic proton signal at 
$4.46 is completely absent indicating no scr ambling during the 
thermolysis. 

Wess. s at values obtained, 95 and 98 cal oot , are 
comparable to the values generally encountered in the thermolysis of 


azo compounds where the transition of the fragmentation occurs late 
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Figure 35. Nitric oxide inhibited thermolysis of 36 and 43. 
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on the reaction coordinate (see Table XI in the historical section). 
A relatively large SO G* value obtained for methylazo-3-propene 
(36) implies that the transition state is more like the product than 


the reactant and that Scheme B is applicable to 52 as well as 43. 
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CONCLUSIONS 


(1) The ratios of the rate constant of the inhibited 
thermolysis of methylazo-3-propene (36), 1-propylazo-3'-propene 
(46) and tert-butylazo-3-propene (47) to that of 3,3' -azo-1l-propene 
(32) ; 0.136 ,°0% 339 and 4.92, are consistent with Scheme B, where 
only one carbon-nitrogen bond cleaves in the rate determining step. 

(2) The decrease in activation energy, 12.4 - 13.0 
kcal unis , on going from azoethane to 36, 46 and 52 is consistent 
with the cleavage of one carbon-nitrogen bond in the rate determining 
step, where the full significance of the allylic resonance energy is 
manifested. 

(3) The secondary deuterium kinetic isotope effect for 
x-deuter ated methylazo-3-propene, 64 Ge g7ical ares , is 
consistent with the one bond cleavage mechanism where the transition 
of the fragmentation occurs late on the reaction coordinate. 

(4) The regular decrease in activation energy with 
decrease in bond dissociation energy suggests that all gas phase 


azoalkene thermolyses of symmetrical azo compounds proceed via 


Scheme B. 
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